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God saw all that he had made , and it was very good. And there was evening, and there was 
rrwrning- the sixth day. The heavens and the earth were completed in their vast array. 
Genesis 1:31-2:2 
Abstract 
The Manufacture of Marine Propellers in Moulded 
Anisotropic Polymer Composites 
T. J. Searle 
Ph.1D. 1997 
Abstract. 
This thesis examines the feasibility of manufacturing small marine propellers from 
continuous fibre reinforced polymer composite materials. An appraisal of some current 
applications of composite materials in the marine industry is given, together with the 
moves shown towards the use of composites in the area of propeller design. It has been 
shown that manufacturing propellers in composite materials is theoretically more cost 
effective than traditional materials. 
The manufacturing route investigated is Resin Transfer Moulding, where some detailed 
investigations have highlighted some of the critical processing parameters necessary for 
successful production of laminates suitable for propellers and other high performance 
marine structures. 
A thorough testing programme of 4 novel designs of composite propeller is reported. 
Trials at sea on university run vessels has enabled many hours use to be logged, which has 
shown the fitness for purpose of propellers made from glass reinforced, epoxy composite. 
Experimental tank testing has helped to shape the remainder of the research by identifying 
the possibility of using hydroelastic tailoring to improve the efficiency of the propeller 
when a variety of operating conditions are required from the propulsion system. Further 
experience is required with respect to the the tooling construction and the life assessment 
of the propeller. 
To facilitate appropriate modelling of the propeller, spreadsheet based load prediction 
models have been used. Finite element analysis (FEA) was used to model the elastic 
characteristics of one particular design of novel composite propeller. This indicated that 
traditional geometries may be too stiff to allow significant perfonnance advantages from 
the anisotropy of the material. However the potential does exist for modified propeller 
geometries made from composite to give some perfonnance benefit 
For specific applications, small marine propellers made from continuous glass fibre 
reinforced epoxy composite are likely to yield cost savings over traditional propeller 
materials. 
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dynamic viscosity 
porosity, the ratio of space available for the liquid to occupy. 
dynamic viscosity (centipoise) 
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Chapter One ____ _ 
Introduction. 
1.1 The purpose of the thesis. 
1.1.1 _Introduction. 
This thesis seeks to investigate the viability of manufacturing marine screw propellers in 
continuous, high modulus fibre reinforced polymer composite materials. In order to set this 
study in context from other existing work, (reviewed later in the thesis), the propellers 
considered are low cost small boat propellers that can replace the existing metal propeller by 
a one shot, monolithic composite alternative. To this end the following aspects have been 
considered: 
• Economic benefits. 
• Manufacturing viability. 
• Fitness for purpose, strength and longevity. 
• Hydrodynamic advantages. 
1.1.2 Economics. 
The manufacture of a metallic propeller in either Manganese Bronze (HTB 1) or Nickel 
Aluminium Bronze (AB2), is a highly skilled, labour intensive process. The manufacture is 
multi-staged and the final shaping, finishing and polishing of the propeller is dependent on 
the skill of the operative. A detailed breakdown of this is given in chapter 3. Part of the 
hypothesis of this research, is that by moulding a propeller to finished dimensions, no 
finishing, apart from the removal of a minimal resin flash, would be required when the 
propeller is ejected from the mould. This would yield a first cost saving over producing the 
same shaped propeller in metal. 
1.1.3 Manufacture. 
A reasonable indication that it is possible to make a small boat propeller in composite 
materials has been show by the author in an earlier study, [Searle 1991]. However, this has 
been developed in this research. The manufacture of larger, more m bust propellers has been 
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undertaken and optimisation of the manufacturing route has been carried out. 
1.1.4 Propeller strength. 
In order to produce a viable propeller in a different material, it must be strong enough to 
withstand the operating loads. It is possible to make very strong structures in composite 
materials, thus, part of the work has been to determine weather a composite marine propeller 
can be manufactured with sufficient strength. 
1.1.5 Propeller life. 
Most marine propellers of the type dealt with in this thesis, remain submerged and out of 
sight for long periods of time. So an investigation was required to learn how long a 
composite propeller could last in its working environment and what are the life limiting 
issues. 
1.1.6 Hydrodynamic advantages. 
The anisotropy of continuous fibre composites can be exploited to give particular elastic 
properties. By allowing the blade to twist under certain loading conditions in a way not 
possible with an isotropic metal, a hydrodynamic benefit is achievable. To determine the 
magnitude of this, fmite element modelling techniques have been used. 
1.2 Background to the project. 
During 1991 some early but significant steps were taken to investigate the possibly of 
manufacturing a small marine propeller from continuous FRP composite. Plate 1.1 shows an 
early example of a FRP propeller made from glass and polyester resin. At this stage, the 
general benefits of composite materials are well understood for applications in other fields of 
engineering but the need existed for a full investigation into the viability for the marine 
propeller. 
Plate 1.1 One composite propeller from the original study. 
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The early study was carried out using a standard 12 inch, 3 bladed, manganese bronze 
propeller. The task was to manufacture a geometrical replica in FRP. For reasons that are 
given in chapter 4, Resin Transfer Moulding (RTM) was chosen for manufacturing and the 
successful production of 4 FRP propellers was achieved. This manufacturing route allowed 
thecomplex shape of the propeller to be-faithfully reproduced iii composite materials. 
Traditionally propellers of this type, made from manganese bronze or nickel aluminium 
bronze, are cast in sand and hand polished. FRP materials processed by RTM were shown 
to be a realistic alternative to tj;aditional methods and worthy of more detailed investigation. 
The initial undergraduate project fmished after a RTM mould tool and 4 propellers had been 
. . . . ' 
manufactured. 
It was estimated that during 1985, 10 000 tonnes of polyester resin was used in the U.K. 
marine sector alone [Marchant 1987]. Some sources have predicted that globally, the use of 
FRP's will over take the use of steel by 2010 [Flower 1990]. The number of novel 
applications for FRP is increasing. The marine industry presents a varied range of 
applications that would lend themselves to a redesign in a composite. Many applications are 
well established, for example high performance racing yachts. Some more subtle 
applications like the propeller are on the threshold of emergence. Some FRP propeller 
designs have been put forward, but it is still early days and they are yet to become widely 
used. Various designs are discussed in chapter 2 and appendix l. 
1.3 The practical applications of composites. 
These fall very loosely into two categories. Firstly, the lower mechanical performance end of 
the material spectrum, GRP or fibreglass, usually consisting of short fibres of 'E' glass in a 
chopped strand mat form, laminated in polyester resin. Typically the glass makes up 20-30% 
by volume of the material content. The cost effectiveness of this material in making complex 
shapes such as a boat hull quickly, with semi-skilled labour has contributed to its popularity 
as a production boat building material. Generally production boats built in GRP have not 
been considered as high performance structures. Their manufacture has beeri appropriate for 
this view, usually fast hand lay ups, in a workshop environment that has variable 
conditions. Thus hull structures tend to be over-engineered to account for the structural 
inefficiencies and manufacturing variances, so they are heavier than need be and more 
expensive due to the extra material being used. A more rigorous approach to manufacture 
considers the material quality, the fibre orientation, the fibre volume fraction and the void 
content of the laminate. While this lengthens the manufacturing process, savings are made 
by using less material to create a more effective structure. The product may also have a 
longer service life and will certainly be lighter Many companies are recognising this and are 
introducing more sophistiqted laminates into their boats. Foam cores are being used and 
woven glass cloths are replacing chopped strand mats. 
When there is a more challenging application such as the design of a competitive racing boat 
or a fireproof slr!lcture, a more sophisticated technology is required. This loosely falls into 
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the category of "advanced composites". Although more akin to airframe technology, it 
usually falls somewhat short of this ideal. This is for two reasons. Firstly it is much easier, 
fundamentally to keep a boat afloat, than to keep an aircraft flying. Secondly a rather 
dubious philosophy that says, if something goes wrong, you can swim but you can't fly. 
Before-looking at some specific examples of advanced marine comp~sites, it is necessary to 
understand the properties that can be provided by composite materials, which should 
influence their selection. 
• High specific strengths. 
• High specific stiffnesses. 
• Good corrosion resistance. 
• Possibility of reduced cavitation· erosion [Harris 1986]. 
• Better fatigue perfonnance than metals. 
• Potentially higher production rates. 
• Potentially healthier production environment 
• Specific material design. 
• Low coefficient of thennal expansion. 
• Ease of producing complex shapes. 
• Anisotropic elastic properties can be utilised to advantage. 
• Ease of repair & maintenance. 
• A composite material uses about half the energy to manufacture compared to 
steel or aluminium [Richardson 1987]. 
Although not an exhaustive list, the above shows some important benefits of composite 
materials, that makes them worthy of consideration alongside conventional materials. 
1.4 The case for marine propellers in composite. 
Of the benefits already listed, some that particularly pertain to propeller design include the 
following:-
• Reduced production costs. 
• Component longevity. 
• Reduction in cavitation damage. 
• Damage tolerance & ease of repair. 
• No corrosion. 
• Possible reduction in fouling. 
• Easer maintenance. 
• Higher manufacturing yield (with many composites manufacturing processes). 
• New shaft attachment possibilities. 
• No need for painting, (as the case for aluminium propellers). 
• Introduction of designed defonnation of propeller blades under load to achieve 
grea~r hydrodynamic efficiency. 
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• Significantly reduced weight, perhaps as high as 75%, this should mean a 
reduction in vibration, a smaller prop shaft and faster acceleration to the desired 
RPM. Associated with this, reduced bearing wear. 
As_~~~ as this long list of perceived benefi~. there are some disadvantages to be tackled: 
• Initial higher tooling costs. 
• Repair to serious damage could be difficult. 
• Erosion damage. 
• Change to a new process is difficult to introduce to an established industry. 
• Lack of operating experience. 
• The material has no ductility. 
Both these lists will grow as knowledge in the area deepens, the advantages should lead, on 
balance to a significant improvement in propeller design. The gap between the ideal propeller 
design and what is possible to manufacture could, with exploitation of these benefits, be 
significantly narrowed. 
Figure 1.1 summarises the key issues that under pin the feasibility of a composite propeller. 
These issues are picked up in the remainder of this thesis. 
C"-· 
1/) 
Q) 
"-E 
Q) 
a. 
e ('-
a. c 
.g 0 
·u; 
U) e <11 
Q) Q) 
c 
(ij .Q 
·~ (ij 
.1:::: 
~ > <11 
= 
(.) 
- .9 0 
~ Q) (.) 
:.0 c ~ ·u; 
Q) <11 ~ Q) u. 
• • 
('-
] 
.... 
:J 
t> 
~ 
c 
<11 
E C"-· 
Q) Q) 1/)..c 
~~ 
:J Q) 
a. a. 
.... e 
sa. 
1/) Q) 
1/)..t::. 
Q)-
c c 
:!:: <11 
u..o 
• • 
Feasibility diagram 
Increasing propeller 
viability 
• Increasing production economy ? 
• Fitness for purpose ? 
• Can the propeller be manufactured ? 
Figure 1.1 Composite propeller viability. 
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A number of solutions have been put forward for the redesign of the marine propeller by 
changing its material to composite. Although the widespread use of composite propellers 
does not seem to have materialised yet, many are still at the development stage but given time 
su~e~~ful designs will emerge. 
To consider the areas set out at the beginning of this chapter, the thesis is set out in the 
following order: 
Chapter 2 
Composites for marine applications. 
Chapter 3 
Economic benefits. 
Chapter 4 
Manufacturing of marine propellers by resin transfer moulding (RTM). 
Chapter 5 
Testing carried out on a range of composite propellers. 
Chapter 6 
Prediction of the hydrodynamic perfonnance advantages for elastically tailored composite 
propellers. 
Chapter 7 
Conclusions. 
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Ch.apter Two ____ _ 
Composites for Marine Applications. 
2.1 Introduction. 
Continuous. fibre reinforced polymer matrix composites are having a significant impact on 
the marine industry. Composite materials are now evident in virtually every area of this 
diverse market. This chapter reviews a range of marine applications where composite 
materials are now used to advantage. The benefits are generally specific to the application. 
and should be viewed in that context. 
2.2 Ship and hull structures. 
Large hull structures manufactured in composite have in the past been limited to vessels of 
approximately 60m [Anon 1989a]. From a manufacturing viewpoint, a large vessel with 
many flat sections is conveniently and cost effectively fabricated from flat or easily curved 
steel plates. A small yacht, for example one that requires a good surface finish and has a 
high degree of compound curvature in its hull form, lends its self to production in contact 
moulded GRP. Generally as the size of a structure increases the modulus of the constituent 
materials must increase also. In proportion to the overall dimensions the scantlings become 
very much thinner as the hull size increases. GRP has a significantly lower modulus (8 GPa 
for chopped strand mat in polyester resin compared to 207 GPa for steel). Another important 
consideration for larger structures is the increased strain energy. Whilst stress is simply 
proportional to the area subject to the load and can be scaled proportionally, strain energy is 
proportional to the size of the structure. For example the scantling of a small and a large 
vessel can be designed to the same working stress but the strain energies of the larger 
structure will be significantly higher. Thus the fracture toughness of the material is an 
important consideration. Composites can have high fracture toughnesses but this must be 
specified and is not always easily or cost effectively achieved. 
The steel industry is experienced in making large volumes of material for big structures. 
Making composite materials in the same quantity is not yet as well established. The first cost 
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of composite structures can be high, but is usually offset by reduced running and 
maintenance costs. The life of the structure will be increased because of much reduced 
corrosion and structural degradation by fatigue, so overall cost savings can be achieved. 
Where there is sufficient composite fabricating infrastructure, first cost savings should be 
possible also. First cost savings are already possible over aluminium [Anon 1989a]. Where 
it is chosen to directly replace an existing ship's structure with a composite the benefits will 
never be fully exploited and there is little to recommend this approach. However a much 
more radical approach is to redesign the shape of the ship's structure to accommodate a 
design more appropriate for composites. So, techniques like filament winding can be used. 
A recent feasibility study indicated this to be a significant possibility [Summerscales 1987]. 
For 20 years now mine counter measure vessels (MCMV) have been built in GRP [Anon 
1989a]. The reduced magnetic signature of GRP lessens the chance of detonating mines. In 
1973 the first GRP MCMV, the HMS Wilton was built by Vosper Thornycroft at 
Southampton. At 47 metres long and 450 tonnes it was the largest composite vessel in 
existence. Its predicted hull life was 60 years. The success of this vessel meant 12 Hunt 
class vessels were built shortly after, each 57m long and 680 tonnes. Two of them were 
involved in mine clearing operations in the Falklands during 1982. Several years later they 
are still in operation. In 1988 Vosper Thomycroft launched the GRP single role mine hunter 
HMS Sandown , this vessel at 52.7m represents weight savings of 50% and cost savings of 
40% [Anon 1989a], transcending cost barriers sometimes associated with GRP 
construction. The US Navy plan to add 17 new GRP mine hunters to its fleet during the 
1990's. Plate 2.1 shows the fabrication of a mine sweeper hull by machine wetted glass 
cloth. 
Plate 2. 1 Fabrication using pre-wetted glass cloth. (After Anon 1989b). 
GRP is not the only composite structure to be used for this application. Foam sandwich 
construction has been successful too. During 1981 a Swedish coast guard vessel, the TV171 
from Karlskrona V arvet AB was the largest vessel to be built from foam sandwich . High 
density PVC foam was used as a core, and little internal framing was used for the 300 tonne, 
43.9m vessel [Anon 1981]. 
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One of the latest novel foam sandwich applications is the introduction of the new Mersey 
class lifeboat. This Carriage Launched Craft (CLC) is built in a female mould and consists of 
an unbalanced foam sandwich laminate. The outer skin is a pre-preg and is consolidated with 
a vacuum bag and post-cured , the foam is vacuum bagged in place also. Finally the inner 
skin is laid up by hand and similarly vacuum bag consolidated. 50mm core thicknesses are a 
feature of the frameless interior monocoque design. 25 vessels are on order and the first is in 
service. The original design was for a top speed of 15 knots, in fact 16.5 knots have been 
achieved in practice [Beevers 1990]. 
The Arun class lifeboat replacement FAB3 (Fast Afloat Boat 3) has made good use of 
composite materials to replace the wood steel and aluminium that the class was made from 
before. Plate 2.2 shows the similar "Severn Class". The vessels are 17m long and 
previously had a top speed of 18 knots, the new design was to have a maximum speed of 25 
knots. Service speeds of this order require close attention to detail, to achieve stiff 
lightweight structures, so the vessel can perform. To do this, the hull was made from 
6.5mm glass/aramid in a polyester resin, and designed to maintain structural integrity after 
an impact of lOOOJ over a 20mm diameter area, this being comparable to the impact load of 
a bowsprit from a large yacht striking the hull in a large seaway [Beevers 1990]. Top sides 
and the deck were foam sandwich, 3.5mm glass/aramid/polyester skins either side of PVC 
foam. This was consolidated with a vacuum bag. The weight of the hull, deck and 
superstructure was less than 9.25 tonnes. 
Plate 2.2 Severn class lifeboat. 
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2.3 Propulsion Systems. 
2.3.1 Propeller Brackets. 
In 1990 a study was carried out at the Southampton University Department of Mechanical 
Engineering [Shenoi 1990], to investigate the feasibility of producing propeller brackets (for 
supporting the propeller shaft as it emerges from the hull) in a composite material, plate 2.3 
Particular problems were identified with the production of propeller brackets in conventional 
metal materials like bronze alloys or steel: 
• High weight. 
• High cost. 
• Difficulty in production. 
• Fitting problems. 
• Corrosion. 
Plate 2.3 Composite propeller bracket. (After Shenoi 1990) 
A bracket for a 30m patrol vessel was selected for redesign. The first stage in the structural 
design was to identify the loads upon the bracket. This analysis is particularly important for 
a composite structure due to the unique tailoring of composite materials for their application. 
A factor of safety of 2 was still used in the design. Geometry and materials were chosen so 
that there was: 
• Strength to withstand loads. 
• Resistance to cavitation onset. 
• Minimum drag. 
The final design consisted of a uniform carbon/glass laminated skin with extruded carbon 
stiffeners at 30, 40, 60, & 70% cord length. Two hollow square carbon pultrusions were to 
be used as longitudinal stiffeners to take 48% of the bending loads. This longitudinal 
stiffener increased the torsional stiffness significantly by connecting the two outer skins. The 
skins were laid up in two halves and joined at the leading and trailing edges. The skins 
consisted of Unidirectional plies for bending loads and stiffness and woven roving plies to 
supply adequate torsional stiffness and shear strength. The structure was designed as a thick 
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skinned sandwich so the buckling resistance of the skin was not reliant on the core. 
Production was by usual boat building methods i.e. a hand lay up in two part moulds with 
vacuum bag consolidation. The core was of syntactic foam, that could be poured in to the 
bracket after the mating of the two moulded bracket halves. This meant that no prior shaping 
of the-foam was required, so some labour could be saved. In summary the manufacturing 
process comprised the following: 
1. Production of a GRP mould, 
2. Hand lay up, 
3. Vacuum bag consolidation, 
4. Removal of part from the mould, 
5. Fitting a PVC foam block and GRP boss tube, 
6. Mating of the two halves and pouring in syntactic foam in several stages. 
7. Post curing and finishing. 
The following analysis was carried out on the bracket: 
-• Mechanical test for bending: Deflection/Strains/ Acoustic emission, 
• Mechanical test for torsion: Deflection/Strains/ Acoustic emission, 
• Finite element analysis. 
The tests showed that the material and the process catered well for bending and torsional 
loads, particularly the jointing of the shells. However further work is required to close the 
gap between the finite element and the experimental results. The end result of this production 
technique was a slight reduction in fabricating cost, the fmal weight of the bracket was 70kg, 
this represents a 77% reduction over usual production methods. 
2.3.2 The Composite Engine and Propeller Shaft. 
Research has investigated the use of composite materials for engines. This application is 
very much in its infancy and has been confined to small petrol engines for cars. Success at 
this level is necessary before work can begin on larger marine engines. However results 
from Polimotor Research !ne, more than 10 years ago [Wise 1980] and more recently the 
B.R.I.T.E. (Basic Research in Industrial Technologies for Europe) engine in the late eighties 
have been significant plate 2.4 
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Plate 2.4 The BRITE engine. (After Anon 1992a) 
Neither engine was wholly composite, rather the best properties of metals and composite 
were utilised. With more research the shift will be towards a higher proportion of composite 
materials. 
The Polimotor engine exhibited the following benefits:-
• Carbon fibre engine block was 50% lighter than an aluminium one. 
• 60% weight saving on reciprocating parts. 
• 30% quieter than the equivalent metal one. 
• Lower thermal conductivity materials give a better piston/cylinder fit at variable 
temperatures, and result in more efficient combustion. 
• 12-15% more fuel efficient. 
For marine applications the benefit of reduced corrosion in polymer composites is 
significant. 
The potential to filament wind or braid, propeller shafts from high modulus fibres, has a 
number of benefits:-
• Reduced weight that leads to reduced vibration. 
• Larger spacing between bearings. 
• No corrosion 
• Less torsionally stiff shaft to reduce shock loading on the gear box. 
An automated process for manufacture may allow some initial cost savings. Weight savings 
would lead to a reduction in bearing wear, vibration, installation and maintenance costs. 
2.3.3 Propellers. 
The argument for composite propellers has been outlined in chapter 1 of this thesis. Some 
important work has been done in this area already, details are given in appendix 1. 
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However, the important details of the most significant work to date is summarised in tables 
2.la, 2.1b, 2.1c. 
Table 2.1 a Reinhold Industries Torpedo Propellers . 
. "FlexProp" 
···········i·K"~~~~~~~~~t································· 
f·· ··········A····•·· '-·············-···• •••·· ···>···· ·· ······•••·•·••••·············· ••·······•····················· ·····••••················· ······•·····1 
!2m 
~~--~.~~-·~~-~-~~~-':~-~~---······· ... ·.·_·_·_·_·_·_·TY.~~-~-~~---~-~---·_·_·_·_·_·_·_·_·_·_·_·_·~---·_·_·_·_·_·_·_·_·_·.~----~---·_·_·_·_~---_-_-_-_-_·_·_~·-·.·_·_·_·_·_·_· .  ·.············-···-·· ·1 
!Not Known Material 
.. ... ..... 1 :····:.:==== 
! 
I 
I ...... 
i 
Table 2.Ib "FlexProp". 
Page 13 
Chapter Two Composites for Marine Applications. 
Table 2.1 c "Contur Propeller". 
So far, this is the extent of the available information on the development of FRP composite 
propellers. Little is known regarding the manufacture and the material used for each 
propeller. However the following points are evident from the literature and accompanying 
illustrations. 
• The "Contur Propeller" consists of machined rather than moulded separate blades, 
assembled on a metallic boss. 
• The "Flexprop" is a controllable pitch propeller, thus individual blades are attached to a 
mechanical hub. 
• There is tentative evidence that the torpedo propellers are made from Dough Moulding 
Compound. A probable consequence of their size. 
It is clear that for certain sectors of the marine industry continuous fibre polymer matrix 
materials have a firm footing because of the important performance benefits they yield. 
However the difficulty in manufacturing components that have consistent mechanical 
properties is an issue to be resolved. The material benefits coupled with potential for 
producing consistent parts cost effectively by RTM are taken up in chapter 3 and 4. 
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Chapter Three ____ _ 
Economic Benefits. 
3.1 Introduction. 
Part of .the hypothesis of this work, is that certain types·of marine screw propeller are more 
cost effectively manufactured in fibre reinforced plastic materials. This chapter seeks to 
outline the economic, manufacturing and technical issues required to support this thesis. The 
evidence and experience presented, (both anecdotal and scientific) will substantially make the 
case for the economic viability of FRP propellers. 
It is beyond the scope of this chapter and report to deal in any depth with the through life 
costs of a composite propeller. (Some catastrophic damage has been experienced on 
composite propellers in service. J:his is discussed later in chapter 5). The focus·of this thesis 
is manufacture, the following longevity issues have not been measured:-
• Corrosion. 
• Cavitation. 
• Wear due to abrasion. 
• Fatigue. 
These will be investigated in further studies. 
In order to create an economic bench mark, the processes and materials by which and from 
which metallic propellers are made should be understood. Also, the potential of the rapidly 
maturing manufacturing technology available to the composites industry, which gives the 
capability to produce high quality structural parts economically, must be accepted. This 
chapter compares the processes on a cost basis in the following way: 
l. Material cost 
2. Processing cost. 
3. Tooling cost. 
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3.2 First costs. 
3.2.1 Material Costs. 
The traditional materials for manufacturing propellers include: manganese bronze (high 
tensile brass HTBl) and nickel aluminium bronze AB2. Table 3.1 and figure 3.1 give the 
comparative costs for these materials, aluminium and some composite material. The prices 
are given per kg; However, since marine propellers are constrained geometrically by 
hydrodynamic requirements, a more meaningful material cost comparison is by volume. 
Table 3.1 and figure 3.2 show this, where in fact composite materials are economically very 
favourable. 
Material Cost I m"3 i Density_ Jglcc)i Cost I k_g 
................. ~.U~_ll:g __ b_~-~~L ............. f ....... f ... U.~~-?. :9.~ ...... j ................ ~:.3. ............... f ............ t;.)_:~} ........... j 
··---~-~--(N.\c:~.e.La.~~~illgt _)>_n.?_~~~L .. t····· · -~- - -P.QP,9.~ ...... j ............... ?.:.?..? .............. f ........... J ... t?..L ........ j 
Aluminium : £ 6480.00 ~ 2 . 7 : £ 2.40 ~ 
:::::::::::::::::::::::::::::g~~~;.:::::::::::::::::::::::::::::r:::::::i.:::?.i.9.9:.:QQ::::::r::::::::::::::i::i:::::::::::::r::::::::::i::§:.:QQ:::::::::::: 
Glass : £ 5100.00 ! 2 .55 ~ £ 2.00 ! 
····· ·· ···· · ······················································ ········4·--·····~----····················~·-········································································i 
... ?.9.% ... ~~~-----g~_li:S_~ .. ---~p:?-~Y. .. £.~ ~-~-~~~--j ________ ; ___ ?..~_Q9.:R9 ....... .L. ............. ~ .:~-~---··········L ......... f .. ~,_QQ ___________ _: 
Table 3.1 Typical material costs. 
Cost/ kg 
£ 6.00 -r------------------.~ 
£ 5.00 +----------------
£ 4.00 +----------------
£ 1.00 
£ 0.00 
HTB1 (Mag 
bronze) 
AB2 
(Nicke l 
aluminium 
bronze) 
Aluminium Epoxy Glass 50% vol. 
glass, 
epoxy 
composite 
Figure 3.1 Cost per kg of traditional propeller materials compared to some composite 
materials. 
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Cost I m"3 
£ 14,000 -r----------------------------
£ 12,000 
£ 10,000 
£ 8 ,000 
£ 6 ,000 
£ 4,000 
£ 2,000 
£ 0 
HTB1 (Mag 
bronze) 
AB2 
(Nickel 
aluminium 
bronze) 
Aluminium Epoxy Glass 50% vol. 
glass, 
epoxy 
composite 
Figure 3.2 Volume cost of traditional propeller materials compared to some composite 
materials. 
3.2.2 Processing Costs. 
Whilst the material cost is important, usually this is only a small proportion of the overall 
component cost. Processing the material is often the largest cost. Figure 3.3 summarises 
research carried out which concludes that as the geometry of a component increases in 
complexity, then it becomes progressively more cost effective to manufacture the part from 
composite materials. The marine propeller is likely to be a significant example to confmn 
these generic fmdings. 
In order to compare closely the manufacture of metallic propellers with the proposed 
composite alternative, the stages of both processes are given in figure 3.4. The shaded areas 
represent the production sequences of the manufacturing processes. 
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Figure 3.3 Component geometric complexity vs. manufacturing cost. [Modified from 
Flower 1990] 
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Manufacture RTM mould 
faces 
Figure 3.4 Process stages for the manufacture of metallic and composite propellers. 
3.2.3 Design and Pattern Making. 
Common to both manufacturing routes is the need for a master pattern of the propeller 
design. For metallic propellers this starts life as a single blade wood or plaster pattern. This 
remains·the production pattern for producing the sand mould if only small numbers of the 
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particular propeller design are required. However if larger numbers are required then a full 
bladed aluminium pattern is made. The sand mould can be produced quicker from this. 
3.2.4 Production in Metal. 
Once the pattern is available then work can begin on forming the sand that will define the 
rough casting shape of the metallic propeller. Producing the sand mould is a skilled, time 
consuming job. Table 3.2 gives estimated times for a variety of propeller types. 
Diameter Number of blades Time to produce sand mould 
___________ 4_~)~.c.~----·--··_j············-~--(Q_..?. . .PM2. ........... L. .......................... ..7.. .~<?.!1f~ .............................. . 
........... ~.A~.C.~ .......... L. ......... .3...CQ ..  ?. . .P.AB-2. ........... L. ............................. ~ .. ~<?.!JI.~.-- · ··-·-··· · ···-···-·········-
12 inch ! 3 (0.5 DAR) 1 1 hour 
Table 3.2 Timings for production of sand moulds. 
Having produced this tooling, the propeller is cast and left to cool. For larger propellers, 
shrinkage voids can be a problem during cooling. These occur in the boss and result from 
the outside of the boss cooling and becoming rigid before the inside of the boss. To prevent 
this from happening, the top of the boss is kept hot. Exothermic powder is periodically 
poured over the molten boss. (This powder is a mixture that includes some fine 
magnesium). 
After cooling, the mould is taken apart and the sand broken away. The sand is discarded, 
the casting is fettled and taken for machining. Here the blades are ground and polished to 
section and the keyway and shaft taper are cut. Finally the propeller is balanced, measured 
and shipped to the customer. 
3.2.5 Production in Composite. 
Plate 3.1 Composite propeller showing the flash line that can be removed quickly. 
In composite, the key difference is the requirement for a reusable set of moulds that 
accurately replicate the final propeller geometry. The advantage is that only minimal finishing 
will be required after moulding, an example is shown in plate 3.1. The disadvantage is that 
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this type of tooling is expensive compared to making a sand· mould for metal casting. RTM 
propeller tooling is discussed in detail in chapter 4. However at this stage it is adequate to 
say that considerable industrial development is underway to produce a format of cost 
effective tooling [Harper 1997]. Essentially, this consists of producing mould tooling faces 
that are separate from the peripheral mould clamping mechanisms, injection peripherals and 
--· -·· - ' 
other mould furniture items. Composite mould faces on their own with integral heaters can 
be produced relatively cheaply. 
Common to both composite and metallic propellers is the need for a machined shaft 
interface. Thus some machining time must be costed to the composite propeller. However 
this metallic boss can be produced much more cost effectively on its own. It can be produced 
as a stock item, defined only by its length, shaft taper, and key dimensions. 
A key to success in RTM is the need for a well made fibre preform. Preforming automation 
is expensive, and particularly for complex shapes is not well advanced. However, cutting 
the fibre manually using templates and assembling the preform by hand can be accurate and 
effective. 
Equipment to automate RTM is now available for only modest investment. The handling of 
tool closure, resin injection, flushing, cleaning of mixing heads, associated pipe work and 
finally the opening of the mould on resin· cure, can now be handled automatically. The entire 
cycle for modest components can be less than 4 minutes with total equipment investments of 
less than £40 000. This also allows for a "clean process" where the only time resin is seen 
and handled is in the cured finished part and styrene emissions are negligible. 
3.3 Example cost comparisons. 
To break down and illustrate the cost comparison between a typical metallic propeller and the 
composite equivalent, the details of a 24 inch propeller are used (table 3.3). 
Diameter 24 inches 
----------------------------------------- ··········--·-··---·----
Number of blades 3 
·····---·-·--·-·-------··----·-------------· 
............................ 
Material HTBl 
············---------················ 
....................... 
... ;. .... 0.5 DAR 
--------------------
Market cost £450 
Table 3.3 Comparison propeller details. 
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The manufacturing parameters and assumptions which are kept consistent for each propeller 
are as follows: 
1. Time is cost at £30 per hour.· 
2. The present worth of any investment is not taken into account. 
3. There is zero material waste and zero scrap. (waste metal can go back in the furnace, 
RTM wastes very little material). 
4. Keyway and shaft taper machining is required for both props (although machining 
the small bush for the composite propeller is very much simpler than setting up an 
entire propeller). 
5. Composite propeller is monolithic. 
6. RTM tool faces are estimated at 40 hours work (@ £30 I hour). 
7. The RTM tooling cost is divided between the number of propellers in table 3.4. 
8. RTM equipment investment cost is low and not considered. 
9. Manufacture of the bronze propeller is estimated at 3 hours (@ £30 I hour). 
10. Manufacture of the composite propeller is estimated at l hour(@ £30 I hour). 
11. Consumables for the bronze propeller are estimated at £20. 
These figures can be modified. However considering these as typical figures, the cost break 
downs are shown in table 3.4 and figure 3.5. The profit margin shown for the metallic 
propeller is variable and probably not as optimistic as the one given. It is an estimation, as 
companies will not divulge commercially sensitive information of this nature. 
Propeller type Material [Processing cost (labour Mould cost, labour and Margin 
cost cost for making tbe material (divided (profit) 
propeller) between tbe number or 
propellers produced) ; 
... t:. .. n-w ___ :____ _ _________ f_~_(},()() _____ -----------· _____________________ f: __ ~(),_oo 
(:()l]lj><)Sill:(~ ()1'1) t {,} ~,(}(} __ 
-- _f:}_(},QQ_ --- ---- ----"····----- - _£,}~(),()0 
- f:})~,()()_i 
-------- : f: )()4.,()() - : 
.. c:_()l]lj><)Sit~ JW ()_f'f} L f:_ I ~-.QO l -£}().(l.Q_ ------· f: __ P.Q.-9.<>_ - £ 304.00 
···--···········. 
(:()l]lj><)Sit~ .(2.() __ ()_f'f) __ ~ - f _ _1_~_-.Q()_ -L t:. }().()Q__ ---------------·------- -------- --- t: §Q,_QQ - -- -.L t: }.~~--00 
C::()lll~~ite(l_QQofO!_ __ (}~:()Q[.___ _ _____ f:_}_(}_-QQ _ __ _ __ ___ £ _12.()() _ ____ j f: ___ 3~4.,()_(}_ 
Table 3.4 Manufacturing cost breakdown. 
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3.4 Summary. 
From the costmodels presented:-
• An increase in the numbers of HTB 1 or AB2 propellers will not yield a significant 
- - --increase in profit margin, as the sand-mould must be constructed for every propeller. 
• Small numbers of composite propellers manufactured by RTM cannot increase the 
economic margin. 
• For the numbers presented in this model, the indication is that the economic margin 
will become favourable when quantities of greater than about 15 propellers are 
achieved. 
Thus, economically composite materials and associated manufacturing routes are likely to be 
viable when the manufacture of a relatively small number ofllke propellers is required. With 
greater maturity in RTM tooling techniques the process should become more and more.cost 
effective. 
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Chapter Four _____ _ 
Manufacture of Marine Propellers by Resin Transfer 
Moulding. 
4.1 Introduction. 
4.1.1 Manufacture of Composite Components. 
Metallic components are manufactured in two stages. Firstly the metal is manufactured from 
raw material with specific properties which are subject to modification with subsequent heat 
treatment. Then the component is manufactured from this material to the required shape. 
Composites differ because the raw materials of fibre and resin are brought together at the 
same time the component is manufactured. Thus the component is manufactured at the same 
time as the material. This fundamental difference allows: 
• Net shape manufacture. 
• Specific material property tailoring for the component 
In order to bring the fibre and resin together in the required geometry, an effective technique 
of manufacture is required. The manufacturing process must satisfy the following criteria: 
• Cost appropriate,to application. 
• Allow the fibre and resin to be brought together in the correct ratio. 
• Ensure correct fibre alignment. 
• Resin must surround each fibre. 
• Minimise foreign particles, defects and air voids. 
• Accurately defme the entire component geometry which is the requirement of 
the marine propeller. 
Resin Transfer M9ulding (RTM) enables these criteria to be achieved. Figure 4.1 shows the 
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schematic arrangement of a RTM system. Dry fibres are placed in the mould tool in the 
designed directions, the resin is then injected either under pressure and/or drawn in with a 
vacuum into the closed mould cavity. 
Resin1f111111111 ........ 
Clamp 
Mould Tool Fibre Reinforcement 
Figure 4.1 Resin transfer moulding schematic. 
There are several alternative processes for the manufacture of FRP. However only one other 
option exists for propeller manufacture, because the moulding process for a propeller must 
define its entire geometry. Compression moulding can achieve this. Figure 4.2 shows this 
process schematically. 
Large clamping 
loads -t 
Pre-preg (fibre pre 
impregnated with resin) t 
Figure 4.2 Compression moulding. 
t 
Fibre pre-impregnated with therrno setting resin that cures when heat is applied, is placed in a 
substantial tool. Closing the tool under a large load and heating to between 80°C and 160°C, 
depending. on the resin system, cures the material in the desired shape. The disadvantage of 
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this technique is that the mould tools are expensive. In order to withstand the high clamping 
forces and thennalloads, tooling must be substantial and consequently expensive. Rl'M does 
not necessarily require large variatim1s in temperaturMo cure the resin, nor is .it a process that 
requires strong tooling, as resin injection pressures are low, usually in the region of 1-5 bar. 
(Some.. compression moulding does not require high temperatures, but it is usually more 
effective when high temperatures are used). Generally speaking compression mould tools are 
required to be produced from metal, whereas RTM mould tools can be made from composite 
at a reduced cost. If the tolerances of the component or the size of the production run allow, 
then metal tooling, which is more durable is used for RTM. Thus the result is RTM can 
certainly be more cost effective at producing high quality, high fibre volume fraction and 
more complex parts than compression moulding. [Harper 1992]. 
In addition to cost there are other benefits of RTM which arise from tooling and processing, 
the following list shows some general advantages over other FRP manufacturing processes 
[Dean 1988]. 
• Low void content in laminate. 
• Good control of mechanical properties. 
• Repeatable process. 
• Ability to mould complex shapes. 
• Reduction in labour & material waste. 
• Clean process, fibres are handled dry, (resin is only added 
after the tool is closed). 
• Good for large production runs, as the process has a fast turn 
around time. 
• Works well for large components. 
• Minimal raw material storage problems (unlike pre-pregs that must be kept 
frozen). 
4.1.2 Some Manufacturing Examples. 
Industry and research establishments have exploited the clear benefits that RTM has to offer. 
Several examples in recent years owe much of their success to the flexibility that RTM 
allows. 
The Advanced Composites Manufacturing Centre (ACMC) of the University of Plymouth has 
manufactured monolithic ballistic panels by RTM. The panels comprise a solid 60mm thick 
laminate of various different combinations of fibres in epoxy resin. Total weight of the 
finished test panels is in the order of 100kg. Due to the bulk of material, RTM was the most 
cost effective method of manufacture and possibly, with the exception of resin injection under 
a bag, the only method of consolidating this bulk of fibre and resin in a one hit moulding. 
For 25 years, Dowty Aerospace have been developing RTM techniques for the manufacture 
of aircraft propeller blades plate 4.1. [McCarthy 1992]. The composite blades have several 
inlportant advantages over those made from aluminium alloy. 
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• Weight saving of approximately 55kg for a 3.5 metre 4 blade propeller. 
• Reduced pitch control moments. 
• Not subject to fatigue cracks. 
• Very tolerant to damage. 
• Easily repaired. 
The composite blade structure consists of 2 unidirectional carbon spars either side of a foam 
blade shaped blank. On top of this, ±45° glass and carbon fibres are braided, a process 10 
times faster than filament winding. The fibres are run into an aluminium root attachment joint. 
This whole assembly is then placed in a heated aluminium RTM tool at 80°C and low 
viscosity epoxy resin is fed in under precise pressure, with vacuum assistance. Typically one 
blade injection takes less than 20 minutes. RTM for this application offers the following 
advantages: 
• Blades can be moulded in one hit incorporating the metal root 
structure. 
• The constituent materials have a long shelf life at room 
temperature. 
• Blade natural frequencies may be tuned by the addition or 
removal of material in the development stage with no 
modification to tooling. 
Plate 4.1 Composite aircraft propeller 
Blades manufactured by RTM. (After McCarthy 1992) 
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Concargo Ltd. have begun using RTM for the mass production of the roof for the Ford 
Transit Van [Sudol 1994]. The projected production run is estimated at.90 000 parts over 7 
years from one nickel shell electro formed tool. This type of tooling is 40% cheaper than steel 
too~n~. quicker to produce than steel an~ allows for a class A finish on the product. 
Production has been ramped up from concept to full production within 2 years. 
The low volume fraction manufacturing process involves a gel coat sprayed into the tool, 
placement of precut fibre pack, closure of the mould and finally the resin injection. One port 
is used for the injection which takes just 6 minutes. The roof is de-moulded 26 minutes after 
the injection is fust started. The goal of the company is to achieve an overall cycle time of 15 
minutes. 
Essentially, the process has enabled high quality, well finished components to be 
manufactured quickly with tooling that is significantly cheaper than steel RTM tools and 
cheaper than the tooling required for the production of metal parts. 
4.1.3 Manufacturing Complexities. 
These applications discussed and many other products manufactured by RTM can be 
categorised in terms of fibre to resin ratio. When the fibre content is low, approximately 20-
30% by volume, the resin enters the mould, permeates the fibre structure and fills the mould 
cavity with relative ease. However, when higher mechanical performance is required, the 
proportion of fibre increases to approximately 50 - 60% and injecting the resin becomes 
progressively more difficult. The increase of fibre in the mould cavity not only slows the flow 
of resin into the mould but can often make the flow front of resin erratic and difficult to 
predict, the-resin seeks out easy flow paths much more readily. This means in practice, for 
low fibre volume fraction components, processing parameters such as the resin viscosity and 
fibre weave architecture are not critical. As these and other parameters vary, so the moulding 
quality remains repeatable and consistent. However as the proportion of fibre starts to 
increase, it becomes increasingly important to control and maintain RTM process conditions. 
Initial manufacturing of FRP propellers produced in the eal'iy stages of the study confums 
this. In order to achieve the required mechanical properties to manufacture a propeller that is 
fit for purpose, fibre volume fractions of 50% are about the highest practical fibre volume 
fraction possible for the complex component shape. The fibre reinforcement is standard 
E-glass and the resin a slow curing epoxy. Plates 4.2 and 4.3 show the inconsistency of 
moulding quality realised for one design of experimental composite propeller. Variations 
occurred in different blades of the same propeller and in different propellers. 
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Plate 4.2 RTM processing variabilities. 
Plate 4.3 RTM processing variabilities. 
4.2 RTM - Some theoretical considerations. 
4.2.1 Fluid flow through porous materials. 
As much of this research is oriented towards manufacture, the following section examines 
some of the theoretical aspects of resin transfer moulding. 
Many years ago a geological study was carried out to investigate the flow of fluid through 
porous rocks [Dalmont 1856]. Darcy reported in a later investigation that the rate at which a 
fluid flows through porous materials was found to be dependent on the following parameters: 
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• Pressure gradient. 
• Porosity of the material in which the fluid is flowing. 
Dan:;y _worked with water so viscosity was not considered, however this must also be a 
consideration when alternative fluids are looked at. 
Darcy' s law is normally expressed in the following relationship, equation 4.1 described the 
volume of fluid able to move through a porous medium in a particular direction. [van Harten 
1992]: 
Where: 
I qx ~ - ILK :: I 
.. .. .... ... .. Equation 4.1 
Volume output in the x direction. (This has the dimension of 
velocity, although not equal to the real fluid velocity). 
J1 dynamic viscosity 
K permeability 
p pressure 
K is the permeability of the porous material. It is the parameter that describes the ease with 
which a liquid can pass through a porous material. A number of complex mechanisms 
determine this value which are discussed later. It is not the same as porosity which only 
describes the space available for the liquid to flow and, in the case of a composite laminate, is 
simply expressed as the ratio of space to fibre, Thus a more complex expression is required 
to describe permeability, which includes porosity. Kozeny found permeability (K) to be given 
by equation 4.2 [Griffin 1995]: 
Where: 
... ... Equation 4.2 
= permeability 
= dimensionless constant found by experiment 
K 
c 
s = wetted surface area. ( = the total surface of the outside of the 
fibres per unit volume of the fibres) . 
1/f = porosity 
Carman found by experimentation that C should be about 5 for various grain-like media. The 
Darcy andKozenr-Carman equations give the volume output of the liquid flowing through a 
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porous media. This allows the velocity of the front of advancing liquid to be calculated. Since 
lfl is the space available for the liquid to occupy, then the actual liquid flow velocity is given 
by equation 4.3: 
... .. .... . Equation 4. 3 
The penneability of a fibre pack can be measured experimentally. The time taken for resin to 
flow longitudinally through a mould containing a sample of the fabric used is measured, 
figure 4.3. There are problems with this approach, an "easy path" for the resin to flow occurs 
where the fibres meet the mould edge. To eliminate these edge effects, an improved approach 
is to use a mould where the resin is injected into the centre of the fibre pack and flows radially 
from this point, (figure 4.4). Each injection is viewed through a glass topped mould. 
Resin fmgering due to 
easy path 
Fabric under 
measurement 
Resin Direction of resin flow 
Figure 4.3 Longitudinal resin flow. 
Fabric under 
Figure 4. 4 Radial resin flow. 
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The permeabilities, K, are found from equation 4.4 for longitudinal flow and 4.5 for radial 
flow [Griffin 1995]. 
K= J.1L2 
2 P0 .T 
-- -- + -- 2/n K = J.1 ~ ro 2 R 2 
Po .T 4 4 
... .... ... Equation 4.4 
R 
-1 ~ 
'----------------------J ........ Equation 4.5 
Where: J.1 =dynamic viscosity (centipoise) 
K =permeability (darcies) 
Po = inlet pressure (bar) 
T =time (sec) 
L =flow length (cm) 
ro =radius of inlet port (cm) 
R =flow front radius (cm) 
4.2.2 Fill mechanisms. 
In composite manufacture by R1M, the porous material is the reinforcing fibre and liquid 
flowing in the pores is the resin. The porosity is determined by the volume of space between 
the fibres and the permeability describes the ease with which the resin can flow through these 
spaces. It is essential to understand the way in which each of these is influenced in a 
particular system by the fibre, resin and mould in order to get satisfactory moulding each and 
every time. Consideration of the fibre pack shows that there are two distinct sizes of porosity 
- large spaces between the tows of fibre and very much smaller spaces between fibres. For 
effective manufacture the resin must ftll both spaces completely. Figure 4.5 shows the type of 
spaces the resin must occupy between the fibres. 
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Figure 4.5 Space types the resin must fill. 
The mechanism that drives the resin into the larger, inter-tow spaces is the injection pressure. 
The small inter-fibre spaces gives a significant capillary attraction [van Harten 1993]. As the 
resin is required to fill both space types to produce a void free laminate, both flow 
mechanisms are required. Thus the chemistry that defines the surface tension of the resin on 
the fibre interface is important. Considerable care must be taken in simulating RTM with 
fluids other than resin, this has been carried out on numerous occasions. The representation is 
questionable. 
4.2.3 The influence of fabric architecture. 
The key to allowing both space types to fill with resin, is the distribution of the space within 
the fabric. There should be good inter-tow spaces so that the bulk of the resin can move into 
the mould space, then the slower capillary action can take place to enable individual fibres to 
be wetted out. If no larger spaces exist, in other words the fibres are not arranged in bundles, 
then capillary filling will dominate and impregnation of the fibres will be slow. Figure 4.6 
shows the former case where the fabric architecture is arranged in bundles or tows and both 
mechanisms can operate. "Fingering" of the resin flow front is caused by the tag in the flll of 
the fibre tows, capillary action allows gradual impregnation as the flow front progresses. 
Allowing the resin to flow through the reinforcement fabric in this manner can significantly 
speed up the injection. A commonly held view is that as the injection pressure is increased, so 
the resin impregnation rate will increase. However while this is true to a point, if the pressure 
is too high, firstly the fibre pack may begin to move; this has been observed by the author to 
occur at pressures as low as 2.5 bar. Secondly, if the resin is driven in to the fibre pack too 
quickly, then the l-arge spaces fill but the small inter-fibre spaces may not fill completely and 
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the laminate quality will be poor. Thus the injection should occur at the natural soak rate of 
the fabric [McCarthy 1989]. The relationship between fibre architecture and the resin flow 
characteristics has not been established for the materials to be used for the propeller, thus in 
order to quantify this, a series of resin flow experiments were designed. These are reported in 
section 4.4. 
Fibre-tows 
Figure 4.6 Fingering of resin flow. 
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4.3 Resin flow simulation. 
4.3.1 Solutions to the RTM Processing Problem. 
A significant body of research is growing in the area of RTM simulation. Several successful 
finite element models have been produced, the goal being to eliminate mouldings of sub 
standard quality. The modelling process enables the optimum placement of injection and 
outlet ports and thus the quickest and most reliable injection of resin when the mould tool is 
actually commissioned. However, expensive and sophisticated finite element prediction 
packages have come under criticism from some leading practitioners from within the RTM 
industry. A view often held is that experience in RTM mould tool design and application is 
cheaper and just as effective as time consuming software simulations. Three examples are 
given to show what can be done with computer modelling software. 
Model simulations can be valuable in learning about, and visualising, how different fabric 
penneabilities affect the resin flow regime. Varying and investigating different parameters is 
possible without the expense of using a real mould and resin injection. A simulation model 
should take into account the geometry of the mould cavity, position of the resin inlet and 
outlet ports, the penneability of the fibre pack being modelled and any idiosyncrasies such as 
easy flGw paths for the resin. The injection pressure is also a parameter to be included in the 
model. 
4.3.2 Simulation of a flat plate containing mixed fabrics. 
Figure 4.7 shows a number of different fabrics in the same tool and analysed together. The 
experiment reveals the expected complex flow front pattern from an injection in the bottom 
left of the laminate. The difference in fabric penneability is shown by the shape of the resin 
flow front. Figure 4.8 shows the computer simulation which correlates well with 
experiment [Van Harten 1993]. 
Figure 4. 7 Experimental resin injection with a variety of 
materials. (After Van Harten 1993) . 
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Figure 4.8 Computer simulation of the same 
material, (after van Harten 1993) 
It can be seen that qualitatively the correlation between model and simulation is good. 
However it must be pointed out that this model does not take into consideration easy path 
effects, which have been illustrated classically in the bottom right hand corner area of the 
experiment, (figure 4.7). For many RTM applications this is a key issue. Its effect depends 
on the level of accuracy to which the fabric is cut and placed in the mould cavity. This 
parameter is operator dependent, variable and can thus only be modelled very tentatively. 
4.3.3 RTM simulation at The University of Plymouth. 
Work within this University (commercial in confidence) has demonstrated other effective 
simulations. Figure 4.9 shows the comparison between a model and an experiment for linear 
resin flow where a carbon laminate was manufactured. The carbon fabric was a 5 harness 
satin, with a plate thickness of 2.lmm at 55% volume fraction. The experiment was carried 
out in a mould approximately 1 metre by 0.3 metre. 
In order that the correct fabric permeability could be used in the model, 2 experiments were 
performed to measure this. The fabric was arranged in a square mould and resin injected at 
the centre. Thus the resin flowed to form elliptical flow fronts, due to the anisotropy of the 
fabric. As this flow front progressed with time, so the fabric permeability could be calculated 
by the method shown in Section 4.2. Figure 4.10 shows the flow fronts as viewed from 
above the mould. The data was collected via a video camera and an image analysis computer 
package. It can be seen on flow fronts 2 and 3 a discontinuity in the isochrones. This was 
due to a lighting anomaly that reflected off the glass mould surface. 
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Comparison Between Simulated RTM & Experimental RTM 
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Figure 4.9 Comparison between experimental and simulated RTM. 
90 
270 
Figure 4.10 Flow fronts from which permeability was measured. 
From figure 4.9 it can be seen how well the simulation correlated with the experimental data, 
the small divergence of the curves towards the end of the simulation is due to the resin in the 
experiinentcuring. 
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4.4 Experimentation to determine the most dominant 
RTM processing parameters. 
4.4.1 Introduction. 
In order to investigate resin flow as a function of fibre architecture, it was decided to carry 
out a series of experiments. These determined which parameters have a major effect on the 
end laminate quality and how the theory already discussed applies. In the light of previous 
practice of this research, the following were chosen for further study. These are considered 
to be the parameters that dominate the flow:-
• Effect of high volume.fractions. 
• Effect of reducing the resin viscosity. 
• The effect of different fabric architectures. 
The following secondary parameters were kept constant throughout each experiment:-
• Injection pressure 1 bar. 
· • Vacuum was not used. 
• Resin and fibre type were fixed. 
• Port position. 
• Resin was not de-gased. 
4.4.2 Experimental Procedure. 
A mould tool was designed that enabled small wedge shaped test specimens to be produced. 
Figure 4.11 shows the details of the test coupons. This configuration was chosen because it 
allowed a specimen to be produced that had changing fibre volume fraction along its length. 
This was achieved by manufacturing each coupon with a consistent number of plies 
throughout. Thus the effect of different fibre volume fractions could be investigated in one 
experiment. Plate 4.4 shows the tool together with the temperature monitoring equipment! . 
Figure 4.12 shows the detail of the mould. The mould was substantially built so that any 
distortion of the mould during resin injection was insignificant. A straight edge was places 
across the top surface of the tool on a number of occasions and there was no detectable 
distortion. 
1 Hot Bonder from Aeroform. 
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4.5mm 
10.5mm 
- / Constant number of 
¥ plies throughout 
Figure 4.11 Composite test coupons showing dimensions. 
The dimensions of the tool were chosen so that for the two different fabric types under 
consideration, of different aerial weights the same volume fractions could be achieved, table 
4.1 shows the fabric properties. Plates 4.5 and 4.6 show the two fabric types under 
consideration. 
Fabric 1 Fibre 1 Aerial : No. of Plies l Volume Fibre Type 
:Orientation ! Weight : ! Fraction 
:.-~~-~#~_-_A~_fQ:j_9~_±4_~_-;~_4.-jJ.-_-_-_-_-_-_-_-_-~~9_9_-_-_-_-_-_-_-_-_r_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-A_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_J.·_-_-_-_-j_9_~_§~-%-_-_-_-_-_ -_-_-_-_-_-_-_-_·_~_-_-9X~~-~---_-_-_-_-_-_-_-
Fabric B : 0,90 : 1458 : 6 : 30-65% E/R Glass 
Table 4.1 Fabrics usedfor the experimentation. 
Plate 4.4 Experimental RTM mould (foreground) 
& Hot Bonder (background) for recording temperature. 
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Studs that hold the 
assembly together 
' 
Rubber gasket 
Legs to support mould 
Coupon size defmed 
by this space. 
RTM TEST MOULD 
Figure 4.12 Mould for RTM test coupons of 200 mm in length. 
Plate 4.5 Fabric A (0,90,+45,-45) E-glass 2200 gfm2 
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Plate 4.6 Fabric B (0,90) EIRH-glass 1458 gfm2 
In order to collect the data, the following equipment was used: 
• RS miniature 0-10 bar analogue pressure gauge (resin inlet pipe was kept the same 
length for each experiment in order that any losses in the pipe were consistent). 
• J type thermocouples. 
• Pressure vessel to inject resin. 
4.4.3 Resin System 
One resin system was used, Ciba Geigy LY 5052 epoxy. This resin has a long pot life when 
mixed with its slow hardener at room temperature. 34% hardener is used by weight to 100% 
resin, further data is included in appendix 4 of this thesis. Figure 4.13 shows the dynamic 
viscosity against temperature for this resin system, measured at the Department of Maths at 
the University of Plymouth. A Carri- Med CS rheometer was used from which the viscosity 
is found from shear rate divided by the shear stress found in the resin. Table 4.2 shows the 
viscosities in poise against resin temperature Appendix 3 includes the Newtonian 
characteristics obtained from this measurement 
Temperature ! Viscosity 
(degrees C) l (Poise) 
····················2a··················r-······"i"o:-tff········· 
.·.·_·_·_-_._._._._._·_·_·_·_-_·_·:.·.·-~_Q·_-_-_-_-_·_·_·_·_·_·_·_·_·_·_·_·_-_T_·_·_·::.·.·::::.·.-~.I-~---~-~---·_·_·_· 
40 l 2.5 
·············-·····sa·················--r·············L6 ............ . 
Table 4.2 Resin viscosities. 
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Viscosity Vs. Temperature for LY 5052 Epoxy Resin 
c 
·-<n 0 
(.) 
-~ 
> 
15 
0+-----------+-----------+---------~ 
20 30 40 50 
Temperature (Degrees C) 
Figure 4.13 Resin viscosity (slow hardener) 
4.4.4 Experiments. 
The tw~lve experiments that were carried out are summarised in table 4.3. Eight of these 
were injected from the centre of the mould so that easy path effects from the mould edges 
could be eliminated. Four experiments, however were injected from the side of the tool. 
These were performed at the outset, it was then considered that an improvement would be to 
eliminate edge effects and inject from the centre. 
In order to carry out the experiments at different temperatures and to study the effect of 
variable viscosity, the resin and hardener prior to mixing and the entire mould were placed in 
an oven. When they had reached the test temperature, they were removed from the oven and 
the resin and hardener mixed and injected in the mould cavity. The temperature of the mould 
and the resin were monitored as the resin was injected at the positions indicated in figure 
4.14. One thennocouple was placed adjacent to the inlet port and one a little further inside the 
mould. Temperature plots are given in appendix 4a. 
Cross Section Fibre pack 
Through Mould 
Thenno-
Couples 
Mould cavity 
surround 
Outlet Port 
Resin Inlet Port 
Figure 4.14 Thenrwcouple positions. 
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Exp. !Position of ! Resin 1 Injection ! Fibre ! Temp. Mould . Fig. 
No ! injection ! Type i Pressure i Type i Fill Time i 
·.·.·.::·.·.-.L_-_-_-_·_t·.:·.·.·.·.·_-_-_-_-_.$.X~~---·_-_-_-_-_-_-_-_-_-_J.IY.·.~9..~.~-l.·_·_·_·_·_-_-_-_·_r_·_~-~----_-_-_-_-_-_·_t·_·f..~~~~---·~·-·.t.·.·_-_T?.~G.·_·_·_·_ -_·_-_-_-_-_)_~----~-fu·_-_-_-_-_·_t_·_-_-_-_-_{.I~.---_-_-_-_-_-
2 ! Side 1 LY 5052 l 1 bar 1 Fabric B 1 300C 4 min 1 4.16 
::::j:::J~::::::::::~~~~::::::::::::u~x::~9.~~r:::::j::~~:::~:::r~~:~H~:~:r~:~9.::::: ·:::::~}:~:fu::::r:::~{}:t:::::: 
4 ! Side 1 L Y 5052 1 1 bar i Fabric B i 700C 1 min ! 4.18 
: ~ I ;~~~ /I~~~~if/ ti~ !Ii;;~~:tl:!i~ ; ~~ ~-~~ Iilti~::: 
8 i Centre l LY 5052 ! 1 bar i Fabric A i 26°C 6 min i 4.22 
::::::::::::::::r:::::::::::::::::::::::::::::::::::r::::::::::::::::::::::r::::::::::::::::::::::::::::r:::::::::::::::::::::::r:::::::::::::::::::: ::::::::::::::::::::::::::::::r:::::::::::::::::::::::: 
9 i Centre ! LY 5052 i 1 bar ! Fabric B ! 14°C 5 min 1 4.23 
l[T B:~~ JUiifi 1~; ~ ~~~~~I ~~ I~lli IIH 
12 ! Centre i L Y 5052 ! 1 bar i Fabric B i 29°C 2 min ! 4.26 
Table 4.3 Summary of experiments. 
4.4.5 Results. 
The resin flow fronts were recorded by tracing them at given time intervals onto acetate film 
with a fme pennanent marker. The resin could easily be seen as it flowed through the fabric. 
The following asswnptions were made: 
• The mould was rigid and did not deflect as pressure was applied to inject the 
resin, this was confinned by placing a straight edge across the perspex mould 
surfaces for visual observation. 
• The areas traced out on the acetate were considered to represent the volume occupied 
by the resin. 
• Injection pressures and pressure losses were the same for each experiment 
Having carried out the experiments already described, figures 4.15 to 4.26 show the resin 
flow together with the distribution of fibre volwne fraction along the plate. 
Page 43 
Chapter Four Manufacture of Marine Propellers by RTM . 
• 
• • A • ~ 
(10'~ 50'/r ..J.Y ~ 37',-; 35',-; 
Figure 4.15 Resin flow coupon 1 . 
.10 SEC:. 
-·- ·- ·- . ·-·--· ·- - ·- ·- ·- -···- ·- - •-- ··----------- --
. . . . ~ 
(J() '; 50'; ..J.Y; 37'; 35' I 
Figure 4.16 resin flow coupon 2. 
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·--·-·-·-·-·-----------~-----, 
··-·--- - -·- ·- ··- ·- ·- ·- ·- ··- --·-·-
A A A A 6 
(1()1 ; ) 111,1, 4 y .; 3 7 1.:, 3 )I .; 
Figure 4.17 Resinflow coupon 3. 
A A A A 6 
(,0 1 :, :"W; 4Y; 371: ; 3Y .; 
I 
Figure 4.18 Resin flow coupon 4. 
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... ... ... ... .. 
(,()1,1, )()1,1, -+Y~ 371,\ -~ )1,1, 
Figure 4.19 Resin flow coupon 5. 
... ... ... ... .. 
()() 1 ~ )() ' , -+3': -~7 1 ; -~)'; 
Figure 4.20 Resin flow coupon 6. 
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A A A A .A 
()()I,~ )()1,1 .. jJt,l, 3 71,1, 3 )1/, 
Figure 4.21 Resin flow coupon 7. 
A A A A .A 
(l()l,; 5()1,; -n~ ,; .··n~.; .~5~:; 
Figure 4.22 Resin flow coupon 8. 
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A A A A A 
(l()l.·; 50' ; -B'; 37'.) .~ 51. ) 
Figure 4.23 Resin flow coupon 9. 
A A A A A 
(111':; 50'.·; -B'; 37'.; 35'~ 
Figure 4.24 Resin flow coupon 10. 
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• • • • • ()0' '; 5WI, -B',1 37'1, 3Y!t 
' 
Figure 4.25 Resin flow coupon 11. 
. . . . .. 
(,()',!, 50'/t 43 1 ; 371 ; Yi':, 
Figure 4.26 Resin flow coupon 12. 
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Plate 4. 7 Coupon 9 after injection and subsequent removal from the mould. 
4.4.6 Interpretation of the results. 
Plate 4.7 shows a sample plate with its isochrones traced onto the acetate. In order to 
perform this analysis , the following graphs were derived from each experiment, as 
summarised in table 4.4. 
Fig ! From which ! 
no ! plates i Graph 
:::I~7:::J::($.~~~LI:;~;.};A::t::::t.2:~:~Q~~:t~t::~~-y§.j~gi;:0.~~Q~hY::: 
..... 4.:.~~ ... L.(§J~.~)._J?.~.!?.A .. ].I~.~.~ .. ~~~QJ!!!._~~.Y.§.:.E~.~ .. ~~P.~~~~~ 
.... 4..:~.~ .... L ..<.~~Q~LJ.~~?}A .. t ....................... r.?. .. ~~.~~ .. ftP:~~ .. Y.§.: .. ~~············ · ········· 
4.30 ! (Centre) 5-12 ! %mould filled vs. time 
····4-:3·6···-r···cc.eli.ife) .. s.~Ti".T"R:esiil .. no·w··raie.:vs·:·ifiJ·r:e··voilliii·e·"frac"tioil. 
Table 4.4 Graphical analysis of data, 
(numerical results are given in appendix 2 ). 
4.4.6.1 Total mould fill time (side injection). 
The total mould fill time has been plotted against the different resin viscosities in figure 4.27. 
Figure 4.28 shows how fill time varies with resin temperature. Since the relationship 
between temperature and viscosity is not linear, it can be seen that the most significant 
increases in injection time occur at the lower temperature. This has implications for 
production; as the required moulding temperature increases, so the cost of tooling and 
processing also increases. However, this experiment shows how, for example a rise from 
20°C to 30°C speeds up injection significantly, however a rise from 40°C to 50°C has a 
smaller effect and may not be worth the extra cost. It can be seen that an increase in resin 
temperature from l7°C to 40°C results in a reduction in injection time of 75% from 10 
minutes to 2.5 minutes. 
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Total mould 
Fill time (min) 
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12 ~ 
lO 
8 
6 
4 
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/ 
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~ 
~ 
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Viscosity (poise) 
Figure 4.27 Mould fill time vs. resin viscosity (side injected). 
Total Mould 
Fill Time (min) 
14 
12 \j 
1\ 
"' 
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'\ ~ 
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i 
"" 
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Figure 4.28 Mould fill time vs. resin temperature (side injected). 
4.4.6.2 Percentage Mould Fill vs. Time. 
14 
I 
80 
In order to show how the resin injection progressed with time for each experiment, a 
planimeter was used to measure the areas enclosed by each isochrone. These areas were then 
plotted against time, the influence of temperature on fill rate is illustrated. Fill rates shown in 
figure 4.29, (side injection) show a clear relationship between temperature and thus viscosity 
and the rate at which the injection takes place. Figure 4.30 (central injection) shows a 
comp~~n of te~perature and the influence of the two fabric architectures. 
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It can be seen that fabric B fills between 6 and 8 times faster than fabric A. At 14°C fabric B 
is filled in approximately 5 min and fabric A is filled in approximately 40 minutes, giving an 
8 fold increase. At 24°C, fabric B is filled in approximately 2 minutes and fabric A in 
approximately 12 minutes, giving a 6 fold increase in fill time. Thus it can be seen how 
much more conducive to resin flow within the fibre pack the fibre architecture of fabric B is. 
80 
• 470 C Poise 30 Degrees C 
60 
• 200 C Posie 40 Degrees C 
• I 00 C Poise 70 Degrees C 
• 1200 C Poise 17 Degrees C 
40 
20 
o+-~,-~.--r-.-r-.~-.~-.,-r-.-~~~~~.-~-.-r-.~-.~-.~~ 
0 
60 
40 
20 
2 3 4 5 6 7 8 9 
Mould F1ll Time (mln) 
10 11 12 13 
Figure 4.29 Percentage of mould filled vs. time (side injected). 
• Fabric A 14 degrees C 
• Fabric B 14 degrees C 
• Fabric A 24 degrees C 
• Fabric B 24 degrees C 
10 20 30 40 
Mould F1ll Time (mln) 
Figure 4.30 Fill rates for fabric types A & B (centre injection). 
14 15 
50 
Fabric B is characterised by good inter-tow spacing, (figure 4.31) allowing both flow 
mechanisms to opemte. These inter-tow spacings do reduce as the fabric is compressed in 
the mould, however although smaller spaces do remain. Generally the inter-tow spacing is 
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approximately 10% of the tow diameter (uncompressed). Fabric A on the other hand is made 
up of 4 layers of fibre stacks each at 45 degrees to one another, (figure 4.32). Only one of 
these layers has good inter-tow spacing, thus the balance of resin flow mechanisms cannot 
operate and capillary flow dominates, which is only adequate to fill individual tows once the 
resin has arrived at that point A by-product of the architecture of fabric B has been observed 
·- - . 
in that greater 3 dimensional resin flow is possible. This is also a contributory factor in 
enabling resin to fill the mould. 
.-~=-. •• ~.'4r!if.­~-· ... ....... , ,
••e!i • 
··'i •• 
-~~ -~~.,,.-:. , ....... _ 
..... ,.,. ...... 
•·e!~i~ ··:;~·-
.-~=:. 
.. ~.~--~ ~-· .... ··~l.;~ •• • • .... .
• ••• 
.-~=-. ..~.~4r~ ~-· ... 
..... ~··~ . 
··:; .
90 Degree 
0 Degree 
90Degree 
Figure 4.31 Fabric B showing good inter-tow spaces. 
0 Degree 
Figure 4.32 Fabric A showing poor inter-tow spacing. 
The erratic nature of the the flow front patterns exhibited by fabric A can be seen in figure 
4.19- 4.22. This was mainly brought about because of the poor 3-dimensional flow 
properties of this material. However as soon as the injection was started with fabric B, resin 
flowed quickly through the thickness of the fibre pack, (figure 4.33). This was not the case 
with fabric A, where resin flowed around the edges first, (figure 4.34). This helps to explain 
why the fabric A at 24°C, (seen in figure 4.30 in red), initially fills faster than fabric B (in 
blue). The resin has initially quickly flowed around the edge of the mould, whereas the resin 
flowing through the biaxial cloth has been restricted to flowing through the material. 
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Resin flows through 
the fibre pack 
immediately. 
Figure 4.33 Initial resinflow (fabric B). 
Resin flows along the 
bottom of the mould. 
Figure 4.34 Initial resin flow (fabric A). 
4.4.6.3 The effect of increased volume fraction on resin flow rate. 
Because the samples produced had a variation in fibre volume fraction of between 35% and 
65%, it was anticipated that if the resin flow rate in the direction of increasing fibre volume 
frac~on was plotted against volume fraction, then it would be possible to determine if there 
was a critical point at which the resin flow was so slow as to be ineffective. The data was 
plotted in the manner shown in figure 4.35. 
Average volume fraction taken at this 
mid point between consecutive flow 
Time taken as time to 
travel this distance 
.... ~ --- -- High Vf I Low Vf ---~•~ 
Figure 4.35 Measurement of flow velocity against fibre volume fraction. 
The resin velocity was measured between isochrones and plotted against the average volume 
fraction (figure 4.36). Having plotted this data, various curve fits were attempted with only 
limited success because of the scatter of the data. The best fit was possible using a log curve. 
However, what is-perhaps clearer without any attempt at introducing a curve, is that the data 
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seems to settle out at very different points regardless of resin viscosity. Indicating the 
significant influence of fabric type. 
Resin Flow 
(mm/min) 
500 
400 
300 
200 
100 
20 25 
• Fabric A 14 Degrees C (Log Plot. .. y = 179.57 + -100.44*LOG(x) R"2 = 0.848) 
• Fabric A 24 Degrees C (Log Plot... y = 755.47 + -430.30*LOG(x) R"2 = 0.563) 
• Fabric B 14 Degrees C (2nd Order Poly. Plot .. . y = 505.94 - l3.655x + 9.4589e-2x"2 R"2 = 0.999) 
• Fabric B 24 Degrees C (2nd Order Poly. Plot ... y = 2752.4 - 72.775x + 0.47566x"2 R"2 = 0.946) 
• 
30 35 40 45 50 55 60 65 70 
Fibre Volume Fraction(%) 
Figure 4.36 The influence offibre volume fraction on resinflow velocity. 
In summary, the following is observed; the resin flow velocity in fabric A at 45% fibre 
volume fraction is about the same as the resin flow velocity for fabric Bat 65% fibre volume 
fraction. Also while the resin velocity for fabric A at about 60% fibre volume fraction seems 
to have almost stopped, the resin is still flowing in fabric B. Thus what is clear is the 
overriding effect of the fabric architecture. In addition the following must be noted; fabric 
orientation is not the cause of the small inter tow spacings in fabric A . These experiments 
have considered that the visible resin flow front is a good representation of the overall flow 
within the experimental plate. Whilst this is not absolutely the case, (for example look at the 
2 min. flow isochrone in figure 4.19), it is considered that as the test plates are "thin," then 
the general picture generated of the resin flow is not in fact misleading. The central injection 
in the later experimental plates was carried out to minimise any edge effects. 
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4.5 Mathematical description of resin flow. 
Having plotted the curves that show the experimental resin flow types, the analysis was 
taken a stage further. In order to obtain a generic mathematical description of the resin flow, 
the curves already plotted for the two different fabrics were idealised as exponential curves 
and the equations determined as a function of temperature. Thus for a given resin 
temperature the rate of resin flow could be predicted for both fabric types. Thus a more 
general picture was created that enabled consideration of a variety of different resin 
temperatures. 
So that this can be carried out, certain assumptions were necessary. In examining the curves 
in figure 4.30, it can be seen from inspection that curves follow an exponential type function 
of the fonn: 
% mould filled = 100 ( 1-exp (-Kt ) ) .... Equation 4.6 
Where: t = time in seconds 
K = index to be determined 
This function can be seen to be approximately correct from figure 4.37 where the natural log 
is taken from each data point. Straight lines are fitted to these points and the correlation is 
shown. Several attempts were made to achieve better correlation, particularly with respect to 
the curve represented in red which has a correlation function of only 0.737. There is 
considerable scatter associated with this set of data points. Care was taken to ignore any 
erroneous data, however the gradient of the line was not altered significantly. Therefore it 
was considered for completeness to include all the data. 
What is needed now, is to detennine the index K . The index t is known because this is the 
time taken for the resin to fill a given area. When the log of % mould fill is plotted against 
time, (figure 4.37) then the gradient of a straight line curve fit equates the value -K. 
Rewriting equation 4.7 ... 
(100 - % fill )I 100 = exp (-Kt) I Equation 4. 7 
y = exp (-Kt) Equation 4.8 
In y = -Kt Equation 4.9 
In y I t = -K Equation 4.10 
Page 56 
Chaprer Four Manufacture of Marine Propellers by RTM. 
The data for tllis calculation is given in appendix 2. Figure 4.37 shows the plot, together 
with the equations for the straight line fi t and correlation coefficients. The gradients for each 
line are held within these equations. These are given in table 4.5. 
LOG of Percentage 
of Mould Unfilled 
0 
-1 
-2 
-3 
-4 
-5 
0 
• f-abric A 14 Degrees C. .. (y = - 037237 - 0.10806x R"2 = 0.9-tS) 
• f abric B 14 degrees C ... (y = 0.48904- 0.97002x R"2 = 0.970) 
• Fabric A 24 degrees C ... (y = -0.86827- 0.24920x R"2 = 0.737) 
• Fabric B 24 Degrees C. .. (y = - 0.23335 - 1.8765x R"2 = 0.965) 
• f-abric B 30 De~,'rees C ... (y = - 0.75259 - 2A681 x R"2 = 0.939) 
• 
10 30 
Time (min) 
Figure 4.37 Log plot of unfilled mould space vs. time with straight line fits . 
Temperature 
14 
24 
30 
Fabric A 
-0.10806 
-0.2492 
' Fabric B 
-0.97002 
-1 .8765 
-2.4681 
Table 4.5 Gradients from figure 4.37. 
r------------------- - - ----
Expone nt ia l 
C oerrlen t 
t.o.,.------------------------------, 
• Fabric A ... (y = - 3.9879e-3x - 2.66:18e-4x"2 R"2 = 1.000) 
0.5 • Fabric B ... (y = 1.6007e-3 - 5.8896e-2x - 7.87 13e-4x"2 R"2 = 1.000) 
- 1.0 
- 1.5 
-2.0 
-2.5 
-3 . 04---~..---..,..----"'P"'"--~..---_,..-------~..---=:J 
T emperature Degr ees C 
0 5 lO 15 20 25 30 35___ 40 
Figure 4.38 Exponential coefficient vs.temperature (derived from gradients table 4.5 ). 
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Software was used to fit the straight lines and from these calculate the gradients. Having 
determined the gradients and therefore K, these values were plotted against temperature. This 
gave a function that for a given temperature and the index K could be found from the line 
equation given in the software. Figure 4.38 gives these plots for both fabric A and fabric B 
and the respective functions. 2nd order polynomial curve fits were used for these graphs and 
the respective functions generated from these curves. The final form of the equations to 
predict the mould fill rate at different temperatures (T) are: 
Fabric A % fill = 100 ( I - exp (( -0.0040 * T) - ( 0.00027 * TA2 )) * t 
...... Equation 4.11 
Fabric B % fill = 100 (I -exp ((0.0016- 0.059 * T)- (0.00079 * T"2 )) * t 
...... Equation 4.12 
These functions are plotted against the actual fill times for l4°C and 24°C, figures 4.39 and 
4.40. 
Percent of 
Mould Filled 
lOOr-~~------~~::~;;~~~~~~ 
70 
• f-abric A actual 
• Fabric 8 actual 
50 • Fabric A model 
• Fabric 8 model 
40 
30 
20 
10 
of-----~----~~----~----~------~----~----~----~ 0 5 10 15 20 25 30 35 40 
Mould FiU time (min) 
Figure 4.39 Comparison of actual fill times and modelled fill times at I 4 oc. 
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Figure 4.40 Comparison of actual fill times arui modelled fill times at 24°C. 
Modelling like this has the benefit of being derived directly from real data. With some 
adaptation this type of model should be useful in a production context. For significant 
production runs, the manufacturing parameters can be monitored, compared to what should 
actually be happening and any discrepancy fed back to the operator. Whilst this does not 
have the generic flexibility of finite element analysis, models such as this might form a 
crucial part of an RTM process monitoring system. The crucial benefit of this approach is the 
assessability of simple interpolations based on real data, which is easily derived and applied 
to the production monitoring of a real component. Statistical process controls such as these 
will be compared with dielectric cure monitoring during production, thereby giving the 
operative more information on manufacturing parameters than would otherwise be available. 
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4.6 Propeller Manufacture. 
4.6.1 Initial manufacturing improvements. 
As indicated earlier, the first attempts at propeller manufacture by RTM were of limited 
success. The quality of fibre wet out was poor, dry patches were often present, the injection 
times were long, (up to an hour) and there was a general inconsistency about the process. 
However, in the light of these experiments, certain changes were brought about in order to 
improve the quality of manufacture. 
• Resin and the entire propeller mould were heated to 35° C, thus achieving 
and maintaining a resin viscosity of around 4 poise. 
• Fabric B was used instead of fabric A at a fibre volume fraction of 50%. 
The fibre volume fraction of the propeller laminates before and after the changes was kept at 
50%. The first major effect of changing these parameters was the difference in injection time. 
This reduced from between 45 to 60 minutes, to between 6 to 10 minutes. The second 
difference was in the quality of the laminate. Plates 4.8 and 4.9 show clearly the difference. 
Under careful visual scrutiny, few voids were noticed. The goal of improved moulding 
quality has been achieved. 
Plate 4.8 Propeller manufacture after improvements. 
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Plate 4.9 Propeller prior to improvements. 
Successful manufacture of larger propellers for the vessel Aquatay were made possible by 
employing fabric architectures that were known to allow consistent and quick resin flow. 
The propeller for Aquatay is 26 inches in diameter, this is shown in plate 4.10. 
Plate 4.10 Successful manufacture of the propeller for the vessel Aquatay. 
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4.6.2 Further propeller manufacture. 
Before and after the experimentation a total of four different propeller designs have been 
manufactured together with the associated RTM tooling. Throughout the duration of this 
research programme, it was intended to maintain a manufacturing capability for the 
propellers under consideration. This has enabled sufficient propellers to be produced for 
comprehensive experimental evaluation. It has been possible to extend practical experience 
by putting into service a range of different composite propellers. This section summarises 
some of the practical manufacturing issues that have been solved. Trials on three different 
vessels together with open water tests carried out at the Royal Naval Engineering College, 
Manadon, and at the University of Newcastle upon Tyne, are reported in chapter 5. 
Each of the four composite propellers was made as a geometrically identical retro-fit 
replacement of the metallic propeller already in service. This enabled straight forward 
installation on the vessel. Table 4.5 shows the major dimensions and features of each 
propeller. 
Originating Vessel Diameter Pitch No. D A R Power ! No. 
[in] [in] Blades [hp] ! Manufactured 
......................... !?!~ ................................... .J.? ........... 1 ...... JA ...... , .......... } .......... , ...... 9:.? ...... , .. .J.9.::.~.9 ... ! ............ _J 9 .............. . Pandora 20 i 12 ! 3 ! 0.5 ! 38 ! 7 
--~-~P.·.-.$.~_-_·9-~i~-9.~~- ·.·.·_·_·_·_·_·_·_·_·_·_·_r~_·_·_·_·_·_·_·_·_·_·.-.r.·.·.·.·.·.·.x~.·-·_·_·:.T.·.·_·_·_·_·:.·.·.·.·~---·_·_·_·_·_·.·.·.-.r.·.·:.·_j5._)_·_·_·_·.-r.·.·-~·-·.·.·.A.<t.·.·.·:.·.·.T.·.·_·_·_·_·:.·.·.·.~·-·.·.~---~·:.·.·_·_·_·_·_·_·_·_·_·:.·.·_· 
Aquatay 26 ! 21 i 3 ! 0. 7 ! 220 ! 4 
Table 4.5 Details of composite propellers manufactured. 
The objectives sought from manufacturing these propellers in a composite material were 
.·, . .-;r.iititially to produce a range of composite propellers that are: 
• Strong enough. 
• Stiff enough to maintain hydrodynamic performance. 
• Damage tolerance to withstand light impacts and dockside handling. 
• Resistance to sea water degradation. 
• Faithful geometric reproduction of the original metal propellers. 
• A retro fit for the vessel for which the original metal design was intended. 
• Moulded to produce a net shaped product with a high quality surface finish. 
In order to achieve those in the above list and to put into practice the RTM principles 
established now established, a RTM mould was manufactured for each propeller. 
The manufacture of the first composite propeller and associated tooling is outlined by the 
earlier report "A Viability Study into Fibre Composite Marine Propellers" [Searle 1991]. The 
production of the three subsequent propeller types built on the experience obtained in the 
initial viability study. The selection of propellers manufactured was chosen for their 
suitability for use on the University owned vessels. Three different University owned power 
boats wer~ select~d, the respective propellers then used as patterns for the RTM tooling. It is 
not the purpose of this chapter to expound on the subject of RTM tooling manufacture, 
Page 62 
Chapter Four Manufacture of Marine Propellers by RTM. 
however the following section describes some essential aspects. 
4.6.2.1 Soft RTM tooling. 
Soft composite tooling was chosen for the manufacture of each tool. This is an inherently 
quick and cost effective route to producing R1M tooling, compare~ to metal or electro-form 
nickel, since lead times are minimised and no specialised equipment is required. 
6 plies 600 gtm2 
chopped strand mat 
20mm Wood core 
material 
Surfacing tissue 
Base board 
Figure 4.41 RTM soft tooling lay up. 
Plug propeller 
Polyester resinl and 600 gtm2 chopped strartd mat (CSM) formed the basis for the mould 
construction. Each mould was made in two halves using the existing metal propeller as the 
plug. Figure 4.41 show the generalised laminating schedule. A future improvement on these 
materials would have been to use a tougher resin system such as an epoxy or vinylester. This 
produces a laminate where the surface is less prone to cracking. On completion a steel 
backing structure is built around the tool, see plates 4.11 to 4.14. 
4.6.2.2 Parting. 
It has been found experimentally that the most effective port position for injecting the resin is 
in the boss region of the propeller and to vent at the blade tip. At the resin inlet and venting 
locations brass connectors were used; these were inserted in the appropriate location after the 
mould had been laminated. 8mm plastic vent pipes were inserted into these brass connectors. 
The pipes were clamped off when the resin reached them, and replaced after each injection. 
(Figure 4.42). 
1 Cristic Resin A from Scott Bader. 
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Disposable plastic 
pipe 
Brass 
Mould 
Resin outlet 
Figure 4.42 Parting arrangements. 
4.6.2.3 Sealing and clamping. 
In order to produce good quality moulding by RTM, it is essential that the mould halves seal 
to maintain a vacuum-tight mould cavity. This requires accurate, repeatable locations of the 
mould halves. In practice this is achieved by using a 5mm x lOmm silicon seal located in an 
8mm channel. The mould is held accurately shut against the seal by either a hydraulic press, 
pneumatic air bag or a series of dowels and bolts at the periphery of the mould. For this 
research, the moulds for the Pandora propeller and the 0.305m propeller used the hydraulic 
press to close the mould. The moulds for the outboard propeller and the propeller for 
Aquatay used dowels and bolts which are preferable. Figure 4.43 shows the silicon seal 
compressed from 10 mm in height to 8mm thus providing an effective vacuum tight seal. 
Silicon seal lOmm x 5mm 
Seal before closure 
Silicon seal compressed 
to 8mm in height 
Seal after closure 
Figure 4.43 RTM mould seal. 
4.6.2.4 Developments in tool configuration. 
Certain changes to the mould configuration have been introduced since the moulds for the 
0.305m propeller and the Pandora propeller were built. Figure 4.44 shows how the initial 
tooling consisted of two virtually identical mould halves. It has been shown in practice that 
this arrangement leads to difficulty in loading the fibres which tend to slip out of the mould 
cavity during mould closure. The fibres are in close proximity to the seal and can protrude 
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across the sealing surfaces. Also the silicone seal has to contour around complex curve and 
its effectiveness is compromised. 
Resin in 
Figure 4.44 Mould arrangement with two virtually identical mould halves. 
The alternative configuration solves these issues by using a deeper cavity so that the mould 
has lead in, shown in figure 4.45. This enables the fibres to be loaded with greater accuracy 
at the blade tips, without fear of moving on mould closure and a high fibre volume fraction 
can be maintained in these critical areas. Moulds for outboard propeller and the Aquatay 
propeller, use this type of configuration. 
Figure 4.45 Improved mould configuration. 
A general view is given of each of the four propeller moulds in plates 4.11 to 4.14. 
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Plate 4.11 The initial mould for the 12 inch Teignbridge propeller. 
Plate 4.12 The mould for the propeller for the vessel "Pandora". 
Plate 4.13 The mould for the outboard motor propeller. 
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Plate 4.14 The mould for the propeller for the vessel "Aquatay" showing the deep 
cavity. 
4.6.3 Injection port and shaft attachment interface. 
So that each propeller could be fitted to the existing shaft, the traditional taper keyway shaft 
attachment was maintained. A manganese bronze (HTB1) boss insert was moulded with 
each propeller for Pandora and Aquatay. This proved an effective shaft attachment method 
and presented no drive problems. The insert provided a convenient resin injection point. 
Figure 4.16 shows the generalised arrangement, plate 4.15 shows the boss prior to 
moulding. 
Figure 4.46 The arrangement of the boss insert showing resin injection port. 
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Plate 4.15 HTBI boss insert in place on a propeller for "Pandora" 
and the boss prior to moulding. 
4.6.3.1 Resin injection equipment. 
Resin injection was carried out with the use of a simple low cost pressure pot, (figure 4.47). 
-~ ... ~·---+ Pressure 
Combined valve 
and gauge 
Perspex 
pressure 
~--~ Resin out 
Resin 
300mm 
~ 
Figure 4.47 Pressure pot used for resin injection. 
4.6.3.2 Surface Finish 
A variety of surface fmishes have been used, these include the following: 
• Acrylic paint. 
• 2 part polyurethane varnish. 
• Epoxy gel coat. 
• Silicon carbide gel coat. 
The acrylic paint finishes were used on the 0.305m propeller shown in plate 4.16 in order to 
achieve a smooth finish for the open water testing. As these were the first propellers to be 
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made by R TM as part of this research programme, the moulded surfaces had some minor 
defects. Later propellers were moulded with high quality finishes and had no retrospective 
surface finishing. The benefit of closed tooling is that only minimal finishing is required. 
One propeller for Pandora was treated with a 2 part polyurethane varnish, only because the 
initial moulding was sub standard and required some extra finishing. The epoxy gel coat 
provided pleasing aesthetics and a relatively void free surface finish. 
4.6.3.3 Fibre Loading. 
Successful production R1M depends on the loading of the fibre reinforcement accurately into 
the mould cavity. The frrst difficulty was the large volume fraction of fibre required to give 
the mechanical strength. The second was geometric, I.E. the precise alignment of the fibres 
and position and quantity of ply drop-offs. The third was the practical difficulty of fraying 
of the fibres from mats. In order to load the high proportion of fibre into mould cavity it was 
decided to manufacture a dry pre-form. The most effective method was to stitch the plies of 
fibre together with a tow of glass fibres. This was quick and held each ply in the correct 
position. This enabled a high volume fraction of fibre to be maintained right at the blade tips 
also. The bronze boss was also stitched in place and the whole preformed item simply placed 
with accuracy into the mould cavity. Figure 4.48 shows the arrangement of the stitched 
pre- form. 
Bronze boss insert 
Unidirectional 
reinforcement 
Stitched with glass tow 
/ 
Ply folded around 
blade edge 
Figure 4.48 Preforming the fibre reinforcement. 
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4. 7 Examples of each design. 
The materials used for each propeller were E-glass fibre reinforcement and room temperature 
curing epoxy2 as the matrix material. E-glass was chosen for its low cost in relation to other 
fibre types and for its low modulus. The low modulus fibre used in the composite for these 
marine propellers is to allow the investigation of the engineered hydro-elastic tailoring, since 
a lower modulus material allows greater deflection for the same load. Epoxy resin was used 
for its long pot life, ease of controlling its viscosity and superior structural properties over 
polyester and vinylester resin systems outlined. 
After bringing together the practical elements discussed in this chapter, successful 
manufacture was possible for all four propeller designs. Plates 4.16-4.19 show examples of 
each design made in composite. 
Plate 4.16 12in propellers painted in preparation for open water testing. 
2 Either Ciba Giegy 5052, or SP Ampreg 20 
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Plate 4.17 The propeller installed on the vessel "Pandora". 
Plate 4.18 Outboard motor propeller. 
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Plate 4.19 Propeller installed on the vessel "Aquatay". 
4.8 Summary. 
4.8.1 RTM. 
The benefits of RTM have been shown previously, together with some well established and 
successful applications. The process is cost effective and good for producing high quality, 
high performance parts. It does seem however that the process is actually underutilised. 
Certain sectors of the composites manufacturing industry are still investing huge sums of 
money in metallic compression moulding tools, to the point where some companies can only 
trade their products at a loss, such are the costs of their tooling investments. RTM is a highly 
effective process for producing quality composite parts at moderate prices, it is, however 
sensitive to process parameters. 
4.8.2 Experimentation. 
This research was embarked upon with little knowledge of the major parameters that 
influence the success of RTM processing. It soon became apparent that if the manufacture of 
propellers was to be successful by this method, information relating to the processing must 
be uncovered. In the absence of experience and with a dearth of pragmatic literature, the best 
way forward was experimentation. This enabled a number of things to be highlighted. In 
particular; 
Resin Viscosity 
• Reducing the resin viscosity can speed up the injection process dramatically. 
• An increase from 17 to 40° C gave a 75% reduction in injection time, for the 
resin used in the experiment. 
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Fabric Architecture. 
• Fabric architecture is a critical parameter that should be optimised, if not, slow, 
inconsistent and erratic resin flow will result 
• For the experimental mould, a 8-9 fold reduction in injection time was achieved 
between 2 different cloth types, all other parameters equal. 
Fibre Volume Fraction. 
• It was shown that for one cloth type, resin flow was virtually stopped at 55% 
volume fraction, whereas the other fabric exhibited significant resin flow at 67% 
volume fraction. 
In order to improve on the information that has been presented from this experimentation, a 
number of points should be considered to:enhance the data. 
• Greater number of experiments 
• Greater variety of temperatures 
• Other fabrics should be tested, especially enhanced flow cloths. 
• A variety of different injection pressures should be used. 
• Image analysis should be used to collect and analyse the flow front data. 
• Microscopy of samples manufactured during experimentation. 
Enhancement of this information would be to the advantage of this project, however great 
improvements have already been made in the manufacturing of propellers to this point 
4.8.3 Propeller manufacture. 
The tool manufacture and production of a range of propellers was carried out successfully 
without great expense. The manufacturing technology demonstrated is accessible and mature 
enough to implement into a production environment. 
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Chapter Five _____ _ 
Testing Carried out on a Range of Composite 
1P'ropenlers. 
5.1 Introduction. 
The following preliminary tests were carried out to study the performance of composite 
propellers. 
• Speed and bollard pull measurements on the vessel Pandora. 
• Longevity tests on the vessel Pandora. 
• Sea trials with the outboard motor propeller. 
• Open water towing tank measurements. 
• Cavitation tunnel measurements. 
• Sea trials on the vessel Aquatay. 
Earlier parts of this thesis have looked at the economic and manufacturing issues pertaining 
to the composite propeller, the prime concern ofthis chapter is to begin the investigation as 
to the fitness for purpose of composite materials for marine propellers. 
5.2 Boat trials. 
5.2.1 Performance measurements on the vessel Pandora. 
The University's vessel Pandora is a 7m (23') GRP work boat powered by a 23kw (Jlhp) 
continuous or 28kw (38hp) intermittent diesel engine. The maximum engine speed is 1700 
RPM with a gearbox reduction of 1.85 to 1. The main purpose of the boat is safety cover for 
student recreation. It can carry up to 12 people plus diving equipment. Plate 5.1 shows the 
vessel. 
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Plate 5.1 "Pandora". 
The purposes of testing the propellers on Pandora were: 
• To establish the effectiveness of the boss attachment to the conventional shaft. 
• To evaluate the structural integrity of the propeller under working conditions. 
• To measure and compare the thrust as measured in the bollard pull condition for 
the composite and bronze propellers. 
• To measure and compare the speed vs engine RPM of the boat using the composite 
and bronze propellers. 
• To commence life trials for the composite propeller under working conditions. 
A composite propeller was installed early in 1994; since that time the propeller has remained 
immersed in the water and has been used regularly. Three weeks after installation, 
experiments were performed to measure the bollard pull and the speed/engine RPM 
characteristics of both the composite and bronze propeller. The results are shown in figures 
5.1 and 5.2. 
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Thrust 
tonnes 
0.3 
0.2 
0.1 
Bollard Pull Test 
a Br nze Prop. 
• Composite Prop. 
0.0 .J-----..---+--...... --+-..,...-+----""' 
500 
Boat 
Speed 
Knots 
600 700 
Propeller RPM 
800 
Figure 5.1 Bollard pull test results. 
Boat Speed vs. Propeller RPM 
900 
8~----~~-----r------r-----~ 
a Bronze Prop 
3 -t---7.:+-t--- • ·composite Prop 
400 600 
Propeller RPM 
800 
Figure 5.2 Speed test results. 
1000 
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After these tests were perfonned and three weeks of general boat duties the propeller was 
removed for inspection: 
• The boss joint showed no signs of degradation. 
• During this period of immersion no marine growth occurred. 
• One of the leading blade edges had been slightly scuffed, this was probably due to 
an· impact with an underwater object 
From these test results the main conclusion was that the perfonnance of both propellers were 
comparable. This is to be expected as both propellers had identical geometries, although their 
respective elastic properties were different 
5.2.2 Longevity trials on the vessel Pandora. 
After these trials, the propeller was left on the vessel so that an assessment of the long tenn 
behaviour of the propeller during everyday use could be made. Inspections were made of the 
propeller by slipping the vessel at regular intervals. The history of this appraisal is recorded 
in table 5.1. "Hours use" indicate the hours of engine running time as recorded on the 
engine log. All the vessel operations were carried out in Plymouth Sound and the 
surrounding waterways. 
Date Hours use [Comments 
25/4/94 [Prop 1 installed 
-- --- 25/51')4- ... ------ ----- i1ia ________ o_r i?TCiiJ removecCa!i-tila<ie:s-loi£ilirer .. iiittiiii a mysti!iY 
i under water object. No damage to shaft gearbox or 
[engine 
0 __ :_?i§l?f :: : -: --: 9h9:~r.s._·:·: .!.N~~::r.;~~i.i~iJ~dri~iil.A~if._- :_::· -·::_-:- 0 - -- : : : :·:-::::: ::: -:-- -
28/6/94 30 hours • 
.................................................................................................................................................................................. 
l3n194 62 hours [ Slight marine growth, composite in the boss area 
[worn slightly where rope had been entangled 
0 
- 25/s/94- - ----iiilloilrs-- ['3-ililli--riictili_s_si-re--ciiiiJ--oil-2'tila<ie.S-c:ausecf-i>oy-iffioo<>f'o 
[ thick electrical wire wrapped around prop 
--- 7/9/94 --- - it9i1Ciliis r .... o - -------- -------- ------- ---------~----- ________ .... __ .. ___________ --------- -
-------························ ... ---·-·········---.------·-··········-~ ······------------- . ·---------------· - ---·-- ·········- -------------------------------}!_U/24 __ --- - _1?.2_h<;>1,1_r~ _ _: ___ OOOOOOOOOo. - 000 ••••••• --- ~-- ---- - •o •••ooooooo.ooo - --
9111194 165 hours l • 
o-- --ihi/94-- --- -- --- --- Ilia- --- --oTI>r<>i>-reiTio:Yectai!eiosiiectctiilg Tblactes -oil iffii>ai£. 
[ with a significant piece of wood which could not be 
l recovered, no damage to gearbox or transmission 
[system. 0 
Table 5.1 Propeller use history. 
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Plate 5.2 The propeller before failure. 
During the period of service there were two propeller failures. These were catastrophic and 
occurred without prior warning or change in performance. No visible material degradation 
had taken place and the failures were symptomatic of hitting a submerged object. No damage 
was sustained by the shaft, gearbox or engine which is seldom the case with metal propeller 
systems. Plates 5.2 and 5.3 show the first propeller before and after the failures. 
Plate 5.3 The propeller having lost all three blades. 
5.2.3 Sea trials of the outboard motor propeller. 
A full description of this project is given by Bucknol [1993]. The propeller was tested on a 
13 foot Dory class power boat with a 40hp engine. Only subjective assessment was possible 
from those responsible for the full time usage of the boat. The subjective performance of the 
composite propeller was comparable with the aluminium propeller. 
This view is significant, as the same cannot be said of commercially available short fibre, 
thermoplastic propellers recently introduced to the market. Experience on University boats 
has shown that under similar loading conditions these propellers can not absorb the same 
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power as the aluminium and still drive the boat as effectively. This view is explained by the 
low modulus of the short fibre themoplastic. The blades bend under load more than either the 
aluminium or the glass epoxy composite. From the experience gained from testing the 
composite blades thoroughly, they would seem a viable alternative to the aluminium blades. 
Their introduction would be particularly advantageous when considered as a low cost 
replacement. The composite propeller tested in this case used the boss from an Aluminium 
propeller with composite blades fitted onto this component by interference fit and a resin 
keyway. As the blades can be made quickly from low cost materials, they should make 
effective replacements should the aluminium blades get damaged, (figure 5.3). 
Aluminium Propeller 
~ 
Damage to alumin. 
(orcomposite) blades 
~ 
Blades machined off 
and replaced with 
composite set 
Figure 5.3 Composite outboard motor propeller as an effective 
replacement for damaged blades 
5.3 Open water testing. 
5.3.1 Towing tank measurements. 
Although work to design a working hydroelastic propeller is still in early stages, a number of 
designs have been successfully tank tested to assess the potential of the concept. 
Five of the 12in propellers, each having different elastic properties, were used in an open 
water towing tank test. Each propeller was tested at a range of different advance coefficients 
(1) to determine the thrust coefficients (Kr) and torque coefficients (KQ) and hence the open 
water efficiency (TJ0 ) . 
Because the composite propellers were taken from a tool that had been made using the 
bronze propeller as a pattern, the geometries of the bronze and composite were identical. The 
manufacturing inaccuracies in the bronze propeller between different blades were greater than 
any differences between individual propellers. Five propellers were tested, each with 
different material_properties, summarised in table 5.2, (these properties were calculated with 
Page 79 
Chapter Five Testing Carried out on a Range of Composite Propellers. 
conventional laminate analysis software 1 . Figure 5.4 defines the angles of reference for the 
different moduli. 
I 
Fibre ! Modulus ! Modulus ! Modulus i Modulus 
Prop. Resin Fibre ! Volume 1 0 deg. 1 90 deg. 1 +45 deg. 1 -45 deg. 
(1) Bronze! • 1 • 1 • l 120 GPa 1 120 GPa / 120 GPa l 120 GPa 
Jtf;~~~U~;~JI~:~f[~~i~~ I::I~!~~[!~!~I~~~g!: f~~!~ 
(5) Foam i Epoxy i E Glass i 40% i • ! • ! • ! • 
Table 5.2 Elastic properties of propellers used in the experiment. 
0 degrees 
-45 degrees +45 degrees 
Figure 5.4 Definition of directional moduli. 
• The bronze propeller is included as a control by which to compare the composite 
propellers. 
• Propellers 2 & 4 are not tailored to any particular bending characteristic, however 
they were not as stiff as the bronze propeller. 
• Propeller 5 was made with a foam core so that it was potentially more elastic than 
propeller 3, although both 3 & 5 were designed with fibre alignment so that as 
load is developed, the blade twists as it is coupled to the bending and causes the 
pitch to change. 
The aim of the open water test was to conduct a tentative investigation into the effect of 
different blade elasticities. The initial measure of this was the shape of the propeller 
efficiency envelope. Plate 5.4 shows one of the propellers in the towing tank. 
1 "Genlam'.' from Think Composites. 
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Plate 5.4 A composite propeller in the towing tank. 
Figures 5.5- 5.4 show the results of the open water test, each compared to the bronze 
control, plotted separately for clarity. The open water efficiencies have been calculated from 
the thrust and torque coefficients in the usual manner. (Equations 5.1- 5.3). 
J = Advance coefficient. 
n = Revolutions per second. 
D = Propeller diameter. 
Kr = Thrust coefficient. 
KQ = Torque coefficient. 
Tlo = Open water efficiency. 
Q = Torque. 
T = Thrust. 
VA = Advance velocity (water velocity at the propeller). 
p = Density of water. 
I KQ = Q p n2 D5 
.. .... .. .... .. Equation 5.1 
I Kr = T p n2 IJ4 
.... ............... Equation 5.2 
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Tlo 
... .. ..... . Equation 5.3 
...... .. ........ . Equation 5.4 
With the exception of the foam sandwich propeller, the composite propellers are all more 
efficient than the bronze at lower J values and less efficient at the optimum J value. The 
reverse is true for the foam sandwich propeller which has a smaller width to the efficiency 
curve. 
These results should be taken within the context of their preliminary nature and the scatter on 
the graphs. However, whilst not conclusive in absolute terms, the indications are, firstly that 
the composite propellers are as efficient as their manganese bronze counterparts. Secondly, it 
may be possible to change the shape of the efficiency envelope by altering the elasticity of the 
propeller material. 
Pfficiency (%) 
80 
Open ater Efficiencies: 
Bronze & Prop 2 j 
0 Prop. l (Brooze)--------11!1 
• Prop. 2 (Quasi- isotropic 
50 +-- /-.F:::---1--
• Prop. 3 (failored) 
• Prop. 4 (Quasi- isotropic) 
a Prop. 5 (Foam Core & Tailored) 
40~--~--~--~---;--~----~--~--+---~L-~ 
0.6 0.8 1.0 1.2 1.4 1.6 
Advance Coefficient (J) 
Figure 5.5 Open water efficiency bronze and propeller 2. 
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Figure 5.6 Open water efficiency bronze and propeller 3. 
Efficiency(%) 
80 
?o+------;-------~~~--~---~~------~ 
mD•mm ••• ,. tm •• m•••••• 
• Prop. l (Bronze) 
• Prop. 2 (Quasi- isotropic) 
• Prop. 3 (failored) 
• Prop. 4 (Quasi- isotropic 
a Prop. 5 (Foam Core & Tailored) 
40+-------+-------+-------~----~~~~~ 
0.6 0.8 1.0 1.2 1.4 1.6 
Advance Coefficient (.J) 
Figure 5. 7 Open water efficiency bronze and propeller 4. 
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Figure 5.8 Open water efficiency bronze and propeller 5. 
5 .3.2 Cavitation tunnel testing. 
The open water tank testing experiments yielded some useful results in terms of producing a 
series of KT KtJ charts. A similar set of experiments were performed in the cavitation tunnel 
at Newcastle University. A full report on the experimentation is given by MacLeod [1995]. 
The following section summarises the key points of the experiment in which, a number of 
crucial benefits were realised over the work in the towing tank. Table 5.3 compares the 
major experimental equipment parameters for the towing tank and the cavitation tunnel. 
• The propeller could be observed easily during the experiment 
• Experimental parameters could be controlled more precisely 
• Thrust and torque dynamometers had greater ranges 
• Propeller driving motor had more power 
Towing Tank Cavitation Tunnel 
T ()~qY.~PY~21_Tl<?.~r.... ..................... .. . ..... J?.N.~.. ....... ..J.?Q~-~ .................. . 
I~t .Q}P~o~~~e.r ......................................... ~-~--. ....... . .. .:?QQ9.~ 
.M~: . .Y~~~H:Y.2f.A.~y~c;e...<.Y~1 ........................ ~-~1~ ............................ _ ......... ?: .. 4.!P./s. ............... . 
Max. RPM 700 3000 
.............................................................. .................................................................................................. 
Motor Power 1.5 kw ::::: 50 kw 
Table 5.3 Experimental parameters. 
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5.3.2.1 Experimental Observation. 
This was greatly enhanced as the -cavitation tunnel has viewing windows immediately 
adjacentto the turning propeller. The towing tank clearly does not pennit the propeller to be 
viewed in the same way. Close inspection of the propeller during the experiment allows the 
onset of cavitation and the deformation of the blades under load to be observed. 
5.3.2.2 Experimental Parameters. 
It is important that good control of the experimental parameters is possible. Many of the 
experiments that are performed in cavitation tunnels involve scaled down model propellers. 
In order to model cavitation successfully, the model should be run at the same cavitation 
number as the full size propeller. The best method of ensuring this happens, is to vary the 
water pressure in the tunnel. This can be done in the Newcastle cavitation tunnel. 
5.3.2.3 Dynamometer Range. 
It can be seen from table 5.3, that the dynamometers for thrust and torque can measure 
significantly greater loads than those in the towing tank. Although the precise figure is not 
available, it can be inferred from this that the motorturning the propeller in the tunnel has a 
significantly higher power than the one used in the towing tank. This has important 
implications for the cavitation study. It has already been stated that there was no evidence for 
any cavitation taking place in the towing tank experimenL Cavitation occurs as the cavitation 
number (a) becomes smaller, as given by equation 5.5. 
Where: 
0' = 
p = 
Pv = 
p = 
VA = 
0' = P -Pv 
J/2 p y2A 
'----------' .......................... Equation 5.5 
Cavitation number 
Local absolute pressure 
Vapour pressure of fluid 
Fluid density 
Velocity of advance 
It can be seen from equation 5.5 that in order for the cavitation number to be small, the 
velocity of advance must be large. Because the propeller must operate at the correct advance 
coefficient (1 ), t() compensate for the increase in the velocity of advance, the RPM must 
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increase. This requires more torque and therefore more power from the driving motor. 
The cavitation tunnel enabled the propellers under test to operate in cavitating conditions. A 
second important consideration, resulting from more power being absorbed by the test 
propeller, is that each blade is subjected to a greater bending moment. Thus the blades will 
defonn to a larger extent under the bigger load and any change in performance shall be more 
measurable. 
5.3.2.4 Experimental Aims. 
These were to produce a set of Kr KQ curves for one composite and one bronze propeller and 
observe both propellers in the cavitation condition. From these observations it would be 
possible to detennine if one propeller had a different efficiency envelope from the other, and 
how a propeller with significantly different elastic properties affects the onset of cavitation. 
5.3.2.5 Methodology. 
Two propellers were selected for the experimentation from the five possibilities used in the 
towing tank. The bronze propeller and one tailored (red) propeller were used. The red 
tailored propeller has anisotropic elastic properties that allow the pitch to back off (decrease) 
as a bending load is developed upon it 
Having installed each propeller in turn into the cavitation tunnel, the thrust and torque 
coefficients were measured under the following conditions: 
• The speed of the water within the tunnel was maintained as high as possible in 
orde~ to keep the Reynold's number high and avoid detrimental effects on 
accuracy caused by skin friction. 
• The propeller was run at the correct advance coefficient which is most easily 
obtained by setting the water speed, then adjusting the RPM to suit. 
• The pressure in the tunnel was lowered to produce the correct cavitation number 
at the propeller axis. 
• Each experiment was performed at an advance velocity of 3 to 4 m/s. 
The observations of cavitation onset are significant as both propellers perfonned differently. 
Table 5.4 summarises the cavitation performance, figures 5.9 and 5.10 give the efficiency 
and the Kr KQ curves respectively. 
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Bronze Prop . Composite Prop. 
. :.9..~~-~--~r~~!~~-~#~~:L@~:: :: :::::::::::~~~Q:@M:: .. :::::~:L.:~~:~:~~i.§~:i~~M .... ::::::: 
············---~~!~~~~-.:v.~~-~~-~y ____________ ..... ········ ...... 4 __ ~~----- · ········ ....... [ ................... .4 .. t:n./~ --- ....... . 
Comment Large amount of i Higher proportion of 
unsteady cavitation, i steady cavitation, tip 
significant fonnation of : vortex cleaner 
cloud cavitation 
Table 5.4 Cavitation performance. 
• Bronze Effic. @ 3 m/s 
• Bronze Effic. @ 4 m/s 
a Composite Effic. @ 3 m/s 
• Composite Effic. @ 4 m/s 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.4 0.6 0.8 1.0 1.2 
Advance Coefficient (J) 
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g 
• 11 I • ij 
I 1 ~ .. 0.3 +-----+-~----+--= ---~.r---+-----1 ! - ; 
0.2 +-----+ '·----..;-----+-= _,_ l 
0.5 ········••m·'· • ; j ·····~m ~ m . r··· m m m••• •• m m 
0.4 
• i 0.1 +--"----,..,ot-.*u . ...... 8----;-----r----1 
1 ! ' 1 • • • 
0.0 +-----+------+-----+---"""""i 
• • 
0.4 0.6 0.8 1.0 1.2 
Advance Coefficient (J) 
11 Bronze Kt @ 3 rn/s 
• Bronze Kq @ 3 m/s 
D Bronze Kt @ 4 rnls 
• Bronze Kq @ 4 m/s 
• Composite Kt @ 3 rn/s 
a Composite Kq @ 3 m/s 
Composite Kl @ 4 m/s 
A Composite Kq @ 4 m/s 
Figure 5.10 KT KQ curves found from the cavitation tunnel measurements. 
5.3.2.6 Conclusions from the cavitation tunnel work. 
The following point were raised by the experimentation in the cavitation tunnel: 
1. The different elastic moduli of the two propellers certainly affected the onset of cavitation. 
2. The lower stiffness of the composite propeller delayed cavitation onset 
3. The efficiency curves do show a shift that given the similarity in propeller geometry must 
be caused by the flexibility of the propeller. 
4. The efficiencies are all very high at 3 m/s water speed (around 85%, theoretical maximum 
is 76%), some measurements must be brought into question. 
5. More time in the cavitation tunnel would substantiate the drop in efficiency of the 
composite propeller at 1.1 J at 4 m/s water speed. 
5.4 Summary. 
Tentative conclusions can now be drawn from the towing tank work and the cavitation tunnel 
work. It is not valid to attempt to compare the data from each experiment as the experimental 
conditions are different However the hydroelastic tailoring of composite propellers has been 
seen to offer some potential . The experiments described should be considered a platform 
from which to launch further work. 
A significant enhancement to the cavitation work would have been to use image analysis 
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techniques to help visualise the blade tip deflections under load. Such a system would 
comprise of a video image of the deforming propeller blade, viewed under strobed lighting, 
and computer software to determine and present the data pertaining to these deformations. 
This information coupled to the structural analysis software would provide an invaluable tool 
for the future composite propeller de.Signer. 
The greatest future benefit from hydroelastically tailoring the type of propeller used in the 
experimentation described, may be the ability to have greater control of the onset of 
cavitation because. of the geometry change under load. This would reduce cavitation erosion 
damage, cavitation induced noise and other inefficiencies that may not be directly evident in 
the Kr KQ and 1]0 plots. This benefit is worth pursuing in its own right, even if it is not 
possible to radically alter the shape of the efficiency envelope by material selection. 
The development of a suitable model to help analyse these series of benefits is the key to 
maximising the potential. This is discussed in Chapter 6. 
A variety of experience has now been gained with respect to the use in service of a number 
of composite propellers. In any of the cases described, there was no evidence of any in 
service cavitation damage. However a great deal more experience is required before any 
confidence can be placed in the fitness for purpose of composites for marine propellers. A 
catalogue of many more accidents and mis-use incidents is also needed, although the 
experience to date is useful. 165 running hours on the vessel "Pandora" over a period of 
approximately 6 months where the propeller was submerged in sea water almost continually, 
has gone some way to validate the structural design for "normal" use. Two important 
questions remain. Firstly, how will the propeller fare over a much longer period of time? 
More service running time will help answer this. A programme of laboratory accelerated 
fatigue testing in sea water would allow greater control of environmental parameters and 
yield more reliable data. Secondly the question of the propeller's ability to withstand impacts 
is possibly the biggest issue to address. Two propellers on "Pandora" were destroyed by 
impact damage. 
It can not be said for certain that the first propeller was damaged by the impact with an 
object. Nothing was observed in the vicinity of the propeller at the time the damage took 
place. Damage to the second propeller was certainly caused by a large piece of wood. This 
was not recovered. These incidents must be put into context by considering the following 
points. 
• Material flaws existed in some of the early composite propellers. As described in 
Chapter 3 these have largely been eliminated. 
• Regular inspection up to the time of each incident revealed no visual degradation 
of the propeller material. 
• The vessel "Pandora" has a robust guard that fits closely around the propeller. If 
a solid obj~ct enters the propeller disc, something must fail regardless of the 
propeller material. 
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• Small and non catastrophic damage generally requires less skill to repair in 
composite than in bronze alloys where often a foundry is required. 
• Impacts occurring to metal propellers that may be more robustthan composite for 
this type of loading can often lead to extensive damage to other parts of the 
propulsion system if the propeller stays intact. There is a significant body of 
anecdotal evidence supporting this. 
• Damage to metal propellers often results in all or the majority of the blades being 
bent, and rendering the unit ineffective for propulsion. Composites, however,do 
not fail plastically.The impact energy is absorbed by many small cracks at the fibre 
resin interfaces. Thus, if the composite is correctly engineered, moderate impacts 
may weaken the structure but not alter the overall geometry. So, albeit at lower 
power, propulsion can still take place. 
Sea trials on the vessel "Aquatay" showed a marked increase in the vessel's top speed, from 
16 knots with the bronze propeller to 18.5 knots with the composite propeller. As only one 
day was available to trial the propeller for this boat further investigations were not possible. 
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Chapter Six _____ _ 
Prediction of the Hydrodynamic Performance Advantages for 
Elastically Tailored Composite Propellers. 
6.1 Introduction. 
This chapter examines the potential of anisotropic material properties for the design of the 
propeller. The observations from the towing tank work in chapter 5 suggest that the 
possibility exists to improve the hydrodynamic perfonnance of the propeller by designing 
specific elasticity into the structure of the blade. Of the propellers tested in the towing 
tank, 3 composite propellers exhibited marginally higher efficiencies over the bronze 
propeller at advance coefficients less than the design point, that is, at higher thrust 
coefficients. At the·design point for any propeller, the maximum efficiency is achieved by 
using the correct propeller geometry. Any elasticity that pennits a pitch change will not 
add to this maximum possible efficiency. However, any elastic property that allows a pitch 
change in response to different operating conditions will lead to greater efficiencies in off 
design conditions at greater thrust coefficients. This has been tentatively shown by the 
experimental work in the towing tank. 
In order to investigate and optimise the advantage of building a propeller in an anisotropic 
material that has a particular elastic response, additional investigation was carried out. The 
scatter shown in the tank testing results meant that further study was required. 
6.1.1. Elastic tailoring of anisotropic composites. 
Composites offer design variables not possible with isotropic materials. Two composite 
structures can be produced of the same weight, geometry and the same material, however 
their elastic properties can be different. Figure 6.1 and plate 6.1 show how the distribution 
of elastic modulus affects a cantilever beam as bending is coupled to twist under load. The 
bending stiffness of a beam like this can also be tailored, whilst keeping the in plane 
tensile properties the same. This uniqueness of composites is useful for many structures, 
not least propellers. This property of hydroelastic tailoring may allow a composite 
propeller blade to defonn to advantage during use. 
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Figure 6.1 Different fibre orientations that give a different elastic 
response under the same load. 
Plate 6.1 Two uni-directional glass/epoxy cantilever specimens. One with .fibre aligned 
longitudinally showing no twist. The other with .fibre aligned at 30° to the longitudinal 
axis, showing bend/twist coupling under load. 
A number of applications have employed this characteristic to advantage. Notably, 
helicopter blades, where bend/twist coupling is achieved by appropriately angled fibre 
architecture. This aeroelastic tailoring is used to control blade flutter. [Garfmkle 94] . 
6.1.2 Mechanical self pitching propellers. 
Mechanical controllable pitch propellers exhibit significantly different thrust coefficients, 
torque coefficients and efficiencies over fixed pitch propellers. The benefit is seen to be 
most effective for a vessel that operates at a number of different conditions. For example, 
fishing vessels, motor sailers or cargo vessels. The "AutoProp" from Bruntons Propellers 
is a self pitching propeller where the blades align themselves automatically to assume an 
optimum pitch for the current operating conditions. This propeller is shown in plate 6.2. 
The unique hydrodynamic characteristics are seen in figure 6.2. 
Page 92 
Chapter Six Prediction of Hydrodyllllmic Performance Advantages for ElasticaUy Tailored ComposiJe Propellers. 
Plate 6.2 The Brunton's "AutoProp"[Company literature] 
1.0 
0.1 
0.8 
0.7 
o.a 
0.5 
0.4 
0 0.3 
0.2 
0.1 
~--- Thrust coetficient, K., 
-<>-- 10 x Torque coefficient, 1 0 x K, 
-<>--- Etficiency 
0.0 .......................................................................................................................................... ....u. .......... ...._. ...................... ......., 
0.0 0.1 0.2 0.3 0.4 0.5 0.& 0.7 0.8 0.1 1.0 1.1 
advance coefficient J = V A I (n x D) 
Figure 6.2 Thrust, torque coefficients and efficiency for the "AutoProp" 
{after Lurie 1995] 
This benefit does however come at a significant extra cost for the added mechanical 
complexity. A cost increase of 400-500% over conventional propellers is typical. 
6.1.3 The hydrodynamic benefit. 
As the hydrodynamic load (thrust coefficient) increases, the blade angle of attack can: 
• Remain the same. 
• Increase. 
• Decrease. 
The greatest benefit will come about by maximising the pitch change for a given propeller. 
There are two important ways of showing the efficiency of propellers with different 
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characteristics:-
• The Kt Kq, efficiency chart; this deals with the propeller in isolation. 
• The engine diagram, which deals with the propeller, engine and hull as an entire system. 
6.2.4.1 The Kt Kq, efficiency chart 
A generalised Kt Kq. efficiency chart, is shown in figure 6.3. The diagram shows propeller 
efficiency plotted against the advance coefficient ( J). For fixed pitch propellers an 
optimum efficiency is shown, at a particular set of operating conditions. However, the 
shape of this efficiency envelope can be altered significantly for a variable pitch propeller. 
This has been previously illustrated in figure 6.2. The grey shading in figure 6.3 indicates 
the improved efficiency from a propeller that has a variable pitch. 
Efficiency (%) 
Efficiency envelope for 
the combined P/D ratios 
_ Advance coefficient (J) 
Figure 6.3 Generalised efficiency advantage for a variable 
pitch propeller . 
6.2.4.2 The engine diagram. 
For many applications the acceleration performance of a marine vehicle is important. A 
race boat that can accelerate away from the start line faster than its competitors is at a clear 
advantage. A vessel that has to manoeuvre accurately and change speed rapidly to achieve 
this, will gain from more effective acceleration brought about by a propeller that allows 
this. To explain this fully , a generic engine diagram is given in figure 6.4. 
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Power 
Max. 
Line of max.. engine power, torque 
limit controlled by the engine 
governor 
Power required for the 
vessel and the 
traditionally specified 
propeller for the design 
condition. 
Shaded area represents 
"spare" power available for 
acceleration 
RPM 
Power 
Figure 6.4 Generic engine diagram (after Bate 1995). 
This shows some fundamentally important points: 
Design 
condition 
Over pitched 
propeller 
• The design condition for which the traditional propeller, engine and vessel combination 
have been chosen is shown at the top right of the diagram. 
• The over pitched propeller is shown, maximum RPM is not reached as the torque limit is 
reached first. 
• Maximum RPM for the under-pitched propeller but at a lower torque and thus less 
power. 
• The curve for a propeller that is initially under- pitched is shown. As power is developed, 
the pitch increases so the design point is reached. The advantage is that for conditions 
below maximum power but at higher thrust coefficients and RPM, less power is required 
as shown by the extra shaded area. This means that either greater power is available to 
accelerate the vessel, or less power is used and fuel conserved. 
For most applications the propeller that has a pitch that increases as the engine power 
increases should be more efficient during transient conditions and operating below the 
maximum power condition. This is analogous to the gear box of a car. Many vessels do 
have to operate in conditions below the maximum power conditions, where it is important 
that efficiency is still achieved. Fishing vessels that trawl for their catch have two distinct 
operating.conditions. They may travel to the fishing grounds at speeds in excess of 10 
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knots, whilst the trawling may take place at 3 to 4 knots. During mine hunting operations, 
the vessel is required to locate within a "hover box" of typically 20m by 20m, [Vosper 
Thonycroft 1996]. In order to do this, the mine hunter uses the main propeller to stem the 
wind/tide vector thus maintaining station. The vessel is operating below maximum power 
where savings can be made with a carefully designed deformable propeller. 
Thus the broad goals have been identified in the light of these hydrodynamic perspectives, 
• The blade design that gives the maximum possible pitch change. 
• The pitch should reduce for high propeller loading (increased thrust coefficient), and 
increase towards the matching point where the load is smaller. 
6.3 The Modelling Strategy. 
Having identified firstly the elastic possibilities with composites and secondly the 
hydrodynamic implications, a model to generically predict the elastic deformations of a 
composite propeller blade was required. Thus a pitch change would be determined and the 
hydrodynamic benefit predicted. 
The most appropriate modelling route was to use a finite element analysis (FEA) software 
package. This enabled the deformations under load of the propeller with a variety of 
material configurations to be determined. The FEA software used was PAFEC-PC, this 
was familiar to the author and able to handle anisotropic materials. The flow chart in figure 
6.5 shows the strategy that was adopted. 
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Select Finite Element 
Software. _,...,~ I Section 6.31 
' Detennine orthotropic material data file ---t..,.~ !sheet 6.1 I 
' Carry out initial validation of software and associated material data files, by correlating 
FEA to a mechanical test 
-----1..,.~ ~ection 6.3.21 
' Select sample propeller to base initial model on 
' Calculate the loads for I this propeller ----1...-j~Sheet 6.2&31 
' Detennine orthotropic l 
material data file 
' Run analysis for different fibre 
orientations at 50% fibre 
volume fraction -----1..,.~ I Section 6.5 I 
y 
Determine the fibre angle (Sr) that 
gives the greatest bend twist 
couoling 
' Calculate node transformations 
to give elastic response in terms 
of 11 P/D 
-----1-.~ I sheet 6.4j 
,. 
Use laminate analysis software to 
determine whether the angle Sf is -----1...-~ I Section 6.6j 
vnl: .. n .. fr'll"t;nn -'· .... 
' Run further analyses for different fibre volume 
fractions 
' 
Section 6.7 
Plot liPID ratio vs. fibre volume 
fraction for the optimum fibre 
angle er 
Figure 6.5 The adopted modelling strategy. 
The first task was to create the material data file. The data required to run P AFEC is 
calculated in spreadsheet 6.1. and shown graphically for visual inspection of their 
consistency. Poisson's ratios were calculated by laminate analysis software, (these values 
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can not simply be ratioed by a rule of mixtures approach which only moderately considers 
the effect of properties in other directions). The laminate chosen for initial analysis 
purposes was a uni-directional, E-glass laminate at 50% volume fraction. Glass was 
chosen as it has a low modulus compared to either carbon or aramid. The volume fraction 
of 50% was used as an initial baseline, representing a good compromise between achieving 
good mechanical properties and what can be realised by R1M manufacture. However later 
models investigated reduced volume fractions. 
6.3.2 Finite element validation. 
An important first task was to gain confidence in the output from the software. Care was 
taken to calculate accurately the material properties, then validate these and the P AFEC 
software by a simple experiment. The results yielded the following data: 
• The confidence that could be placed in the software. 
• The sensitivity to element type. 
• The sensitivity to the elastic moduli data. 
P AFEC PEA gives a linear model of the structure under analysis. Since polymer 
composites are linearly elastic to failure, this is satisfactory. In order to carry out the 
validation under the above headings, two small composite plates were manufactured and 
placed under cantilever bending. Plates were used as opposed to beams, to more closely 
represent the blade geometry. Also the mechanics of plate deformations are different to 
high aspect ratio beam mechanics. (A marine propeller blade is rarely a high aspect ratio 
beam). Care was taken that a proper encastre mounting was used for each cantilever. 
Substantial steel packing pieces were used in the clamping of each plate, figure 6.6. A 
cantilever was considered more appropriate than a three point bend test because the twist 
at the free end could be observed more easily. 
ttt# .--- Substantial clamp 
Composite packing 
.•• ,J9smded to plate) 
Point load (via a ball 
bearing 
+~ 
• 
~ Composite plate 
,__------2 Steel blocks 
Figure 6.6 Plate FEA validation experiment. 
Sample plate 1 consisted of uni-directional, E-glass fibres aligned at 0° to the direction of 
greatest stress. Sample plate 2 had the same, only at 30° to the direction of greatest stress. 
Table 7.1 gives further detail. 
- ---
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Plate 1 Plate 2 
~!.~.r~....... ...................................... . ~:::gla:;~ .. E:::glll~~ 
Resin 
... .. ......... . ~P()){L. .~PC>){Y ............... . 
Volume fraction 0.55 0.55 
--·---------------------························ ·········-··-···----- ·········-······· 
~i.~r~ .. ll~gl~ .. . . . oo .................... 30° 
l'l.ll.~~(!~ .().f..pl~t!:S. .. .. 8 . .. ... . ................ ~. . . ................ . 
Dimensions O.lm x 0.06m O.lm x 0.06m 
························----------------------------- .......................... . 
Laminate thickness 3.3mm 3.3mm 
-------------·------· ....... ·····························--·· 
Load 0--200 N 0--200 N 
------------------------- ...... -·-· ... ···········- ·········-----------········· .... , ........................................... . 
Fibre form UniDirectional Uni Directional 
Table 6.1 Laminate details of the 2 plate types used. 
Plate 6.1 show each sample plate subjected to the bending loads in the laboratory. The 
twist, bending coupling is clearly shown for plate 2. The twist was measured by bonding a 
straight edge to the free end of the plate, this was used to assist in measuring the angle of 
twist. The torsional angle was assumed to be constant, given that there were no 
discontinuities in the material. 
Each plate was then modelled by FEA in order to compare the experimental results with 
the analytical approach. The defonnation for the plate with 0° fibres was also detennined 
by the classical equation for an encastre cantilever (equation 6.1). Figure 6.10 shows the 
FEA mesh (0° fibre) responding to the load. The deformation is exaggerated for clarity. 
The point load was placed at the centre of the free end, encastre restraints were applied to 
each node of the fixed end. 
D= WL3 
3 El 
E = 39.6 GPa 
............................... .. Equation 6.1 
In addition to this comparison, a check was carried out on element types available in 
PAFEC, also the modulus in the materials data file was changed by± 10% to check the 
sensitivity of the analysis to these input parameters. Two element types were used for 
anisotropic materials. 46215 is a flat plate element, 43215 is a solid brick element, further 
data on each element is included in appendix 8. Figures 6.7, 6.8, 6.9 show the comparisons 
between the FEA and the experimental results. Figure 6.10 shows the deformed FE mesh. 
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The FEA model does slightly exaggerate deflection and underestimate twist, however, the 
correlation was good enough to encourage further use of the software. The modulus has a 
small and appropriately proportioned influence on the end result. From this data some 
tentative confidence could be placed in the package and the input data used with it. 
Appendix 8 gives further information on the element type. 
6.4 Load calculation for marine propellers. 
6.4.1 Introduction. 
Before the structural design of the propeller can begin, the loads to which it is subjected 
must be determined. Work has been carried out in this area. However, the predominant 
area of interest is the hydrodynamic design which has detracted from the subject of 
propeller loading. Historically any attempt at a structural solution to the design has 
generally been dominated by the rules imposed by classification societies, where 
specifications for the propeller design are defined. Although catastrophic blade failure is 
rare, interest in stress analysis grew with the increased powering of ships in the 1950's 
and the evolution of more complex propeller geometries, such as high skew. The 
foundations of work to determine loads that act on a propeller were laid at the beginning of 
the century [Taylor 1910]. Work was published on a method to determine the stresses 
upon propeller blades. In this method the propeller blade was treated as a simple 
cantilever beam acted upon by thrust, torque, centrifugal bending and centrifugal direct 
loads figure 6.11. 
Thrust ue 
Figure 6.11 Major loads acting on a propeller 
For most propeller shapes, in which blade width is not greater than the blade length 
[Conolly 1960] and whose geometry is not highly skewed, initial loads have been 
determined by treating the blade as a simple cantilever. This has been shown to give good 
results. (Within 10% of measured results [Carlton 1980]). However to determine the 
precise stress levels in the blade structure due to geometry, material distribution and 
externally applied loads, it is necessary to produce a finite element model. This is 
described later in this chapter. 
The environment the propeller has to operate in is highly variable; water flow into the 
- -- -
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propeller disk is non homogeneous and has been the subject of considerable research. The 
non-uniformity of this wake field leads to some uncertainty when calculating loads 
[Carlton 1980]. 
1800 
Propeller radius 
0/360° 
Figure 6.12 A typical wakefieldfor a single screw 
full form hull, contours show equal axial velocity. 
Parameters that influence the wake field are the vessel's hull fonn, trim, pitching, rolling 
and the weather conditions. Figure 6.12 shows the typical variability in wake flow 
velocities expected in the region of the propeller behind a displacement vessel. It is 
possible to calculate the average velocity in this area by the empirically derived Taylor 
wake fraction coefficient [Wt ]. This ranges from about 0.04 to 0.40 for high speed planing 
vessels and heavy displacement vessels respectively. The water velocity in the area of the 
propeller, or velocity of advance [V a] is given by equation 4.1 . 
jva = (1- Wt) Vs 1 ....... ..... . ... . . . ... . . . .. .. Equation 6. 2 
6.4.2 The maximum loading condition. 
The maximum propeller loading condition is largely specific to the application and type of 
propeller, however in general terms the following include some of the conditions that 
should be considered [Brockett 1994]:-
• Full speed ahead and astern, full engine power. 
• Bollard pull condition ahead and astern, full engine power. 
• High speed turns. 
• Reverse condition for skewed propellers. 
• Rough weather operation. 
• The loads induced due to impacts with rogue objects. 
; 
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6.4.3 Calculation of blade loading. 
From figure 6.11 it can be seen that the blade loading comprises of 3 fundamental forces; 
thrust, torque and centrifugal loads. Since thrust acts perpendicular to the propeller disc 
and torque acts in plane with the propeller disc, the forces must be resolved for the angle 
of minimum second moment of area of the blade (figure 6.13 ), ie the forces are acting 
perpendicular to the blade. 
AFT 
FORWARD 
Propeller blade 
viewed from above 
boss 
Figure 6.13 Thrust & Torque loads relative to the plane of minimum inertia of the blade 
The root area of the blade generally coincides with 20-25% of the propeller's radius. This 
is the section where the greatest moment occurs. This holds true for all but the most 
extreme propeller geometries. The angle of the section is given by equation 6.3. (The 
assumption is made, that the pitch of the propeller is usually defmed at 0.7 of the radius). 
I 0 =tan 1 [ np~v ] I 
L___ ___ _ _____ ___J .. ... .. . . . . . . .... . . ... . .... . . equation 6.3 
Knowing this angle and the engine power, shaft efficiency, propeller efficiency, speed of 
advance, RPM and the number of blades, the loads due to torque and thrust can be 
calculated from equations 6.4 & 6.5 respectively. Shaft and propeller efficiency losses 
depends on the stern gear and propeller type, and must be taken into account. Equation 6.6 
gives the centrifugal loads. [Carlton 1980]. 
Thrust [N] = Ps. 71m Tlp. COS (} 
V a. BL. 
.... ....... Equation 6.4 
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Force due to torque [N] = p s. Tlm. sin e 2rr. b. n. B1.. 
..... Equation 6.5 
..... Equation 6.6 
The thrust and torque loads are multiplied by the moment arms shown by figures 6.14 and 
6.15, to obtain the bending moments about the blade root. This is done by representing the 
distribution of load over the blade as if it acts at one point. The moment arms are taken as 
the distances shown in figure 6.14. The moment arm for thrust for most blade geometries 
is 0.7 radius and for torque is 0.66 radius [Conolly 1960, Carlton 1980]. 
Load 
0 0.2 0.4 0.6 0.8 
Distribution of blade 
thrust, acting at 0.7r 
1.0 
Distribution of blade 
torque, acting at 0.66r [b] 
Radius 
Figure 6.14 Distribution of thrust and torque loads with blade radius 
Thus the bending moments due to thrust and torque can be found. In order to calculate the 
bending moment due to centrifugal loads on raked blades, the position of the blade centre 
of gravity relative to the neutral axis and thus the moment arm that induces the bending 
moment from the centrifugal force must be found. This is shown in figure 6.15 and by 
equation 6.7. 
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i 
Xc 
Figure 6.15 Centrifugal bending moment lever 
L = (Xc - ro) tan R. sin Po 
............. Equation 6. 7 
In order to calculate the stresses that arise from these loads, the area [A] and section 
modulus [Z] for the blade section at 0.2 of the radius must be calculated. Thus the total 
stress at this point can be given by equation 6.8. Equations 6.9 and 6.10 give the area and 
section modulus and figure 6.16 gives the dimensions required for calculation of these 
parameters. 
It is convenient to use Simpson's rule to evaluate these equations numerically. This 
method lends itself to computation by spreadsheet. The spreadsheets by the author; sheet 
6.1 and 6.2, (equations are given in appendix 6). Sheet 6.1 has been written to allow design 
parameters for any Wageningen B-series propeller to be entered to calculate the section 
area [A] and the section modulus [Z] , for the sections at 0.2, 0.4, 0.6 & 0.8 radii. 
The final form of the stress equations 6.11, 6.12, 6.13 and 6.14, are shown below. The total 
blade stress is given by equation 6.15. The stress unaccounted for so far o-.L, includes loads 
due to weather and impact with debris and must generally be dealt with by a suitable factor 
of safety. This is usually covered by the safety factor used for fatigue. Usual practice is to 
design to 10% of the UTS for manganese bronze and nickel aluminium bronze propellers. 
BM total z + 
CF 
A 
............. Equation 6. 8 
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Figure 6.16 Incremental dimensions of propeller blade section . 
.............. Equation 6.9 
z = 2 I: {3yp (yp + t) + t2} t.dc. t t.dc 
3 I: (2yp + t) t.dc -f I: (2yp + t) t.dc 
~--------------------------------------------~ .Equation610 
Ps. TJm. TJp. (a-ro)r. cos 8 
(JT = 
V a. BL Z 
Ps. TJm. (b-ro) sin 8 
2tr. n. b. BL Z 
Fe L 
z 
...... .. Equation 6.11 
..... .. Equation 612 
.............. Equation 6.13 
................ Equation 6.14 
..... Equation 6.15 
By summing all the components of stress, the maximum stress for the section is calculated. 
The results given by Taylor's early method, of which this is a refinement, has come under 
some criticism by a number of authors. It is pointed out [Conolly 1960] that for propellers 
whose width does not exceed their length, then the Taylor method gives reliable results. 
However, simple beam theory cannot give any reliable indication of chordwise stress 
distribution, although, generally this is small and not significant. Conolly develops a set of 
equations to calculate the maximum radial stress. The equations are based on the theory of 
thin shells; although more complex than the Taylor/Carlton method, it is still an 
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approximation, as blade camber, shaft inclination and manoeuvring conditions are ignored. 
Conolly's method was primarily brought about because of the need to evaluate the stresses 
in wide blades. However, these can now be determined with finite element analysis (FEA), 
so long as the global loads upon each blade are known with confidence. 
It is important to realise the complexity of this problem. Although a number of 
sophisticated analytical routes are available for the determination of the stresses within 
propeller blades and similar structures, a cast metallic component like the propeller has 
significant internal stresses. Therefore it is not possible to determine the actual stresses 
within the propeiler [Schoenherr 1963]. Also, consideration should be given to the 
operating condition providing the greatest load upon the propeller. Full scale measurement 
and analysis can help in understanding this. 
For propellers whose skew angle is less than 25°, classification societies permit the 
calculation of propeller loads by this beam method outlined. This means that loads other 
than pure bending, (e.g torque), can be ignored. Since the propeller that is considered for 
FEA work later in this chapter has askew angle of only 10°, these assumptions can be 
applied. For the FEA the loads are calculated and shown in spreadsheet 6.3. These 
calculations give values for point loads of thrust and torque, which are distributed radially 
by the factors in the left hand columns in the thrust and torque loads tables. These loads 
were used in the FEA model. The distribution of the loads together with the restraints for 
the FEA model are shown in figure 6.18. The loads are off-centre; this is partly due to the 
constraints of the FEA, in that loads should not be applied to mid-side nodes, but only to 
corner nodes, or results can be erroneous. Additionally, the thickest part of the propeller is 
not quite mid-chord for these blade sections. Thus a slight approximation is inevitable. 
Increasing the number of elements would improve the accuracy of the model, (although 
not investigated here), this would be at the premium of increased processing time and the 
software is limited in the number of nodes a particular model can contain. Also the centre 
of lift for this type of foil section is marginally forward of the mid section. This generally 
holds true for most propellers except super cavitating propellers where the centre of 
pressure acts as much as 75% from the leading edge of the chord. 
6.4.4 Full scale measurement. 
Results from strain gauged propellers operating in their true environment give a good 
indication of stress levels, but there are complexities in wiring the strain gauges. Normal 
methods require the wiring for the strain gauges to be led through a hollow shaft to a set of 
slip rings. Radio telemetry is a better alternative, where the data from the strain gauges is 
transmitted through the water to a receiver on part of the hull structure. During the 1960's 
results were published from the testing of a propeller on a 42 000 ton tanker [Wereldsma 
1964]. These results confirmed the following:-
• That in general past finite element models can be accurate [Carlton 1980]. 
• The leading and trailing edges were relatively unstressed. 
• The largest principal stress was radial. 
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• The smallest principal stress is chordal and was largely insignificant. 
• The theoretical cantilever load prediction shows a 10% difference from the 
measured values. 
The accuracy of the load prediction by the equations given depends upon the accuracy of 
the data used in the calculations. Thus in order to place confidence in these data sets, it 
was decided to design and manufacture a load cell that would be capable of measuring the 
thrust and torque as seen by the propeller shaft on one of the University test vessels. The 
efficiency terms given in equations 6.11 and 6.12 are empirically derived and often merely 
estimated. Accurate measurement of thrust and torque enables greater confidence to be 
placed in the prescribed method of load computation. 
6.4.5 Example load calculations. 
So that a useful working design tool could be generated from the equations put forward, 
they were written into a spreadsheet. The stages used for the entire computation are 
summarised by figure 6.17. 
Input vessel & 
propeller parameters 
' Calculate "B-Series" propeller geometry 
including section 
offsets 
' 
Calculate loads and approximate 
stresses using section data for 
operating conditions of max. 
vessel speed & bollard pull 
condition(isotropic materials only) 
Figure 6.17 Flow chart for loads calculation. 
The spreadsheet is designed to be generic for any Wageningen B- series propeller with 2 to 
7 blades. Loads are calculated and the stresses are approximated using classical beam 
theory, thus a necessary part of the spreadsheet is the calculation of the section moduli at 
various radii of the propeller blade. Sheet 6.1 shows the spreadsheet. 
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Sheet 6.1 Spreadsheet calculation of the loads on the propeller for"Pandora" 
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Equations for the spreadsheet are given in appendix 6. Models such as the one shown in 
this chapter can give a reliable indication, of the loads that act on a marine propeller. 
However they must be used critically in view of the accuracy of the input parameters and 
verified earnestly with practical experience. Some factors are difficult or impossible to 
model accurately, such as the wake field the propeller has to operate in. Certain 
empirically derived parameters have been shown to be good approximations, such as the 
length of the thrust and torque moment arms. Full scale testing [Carlton 1980] has shown a 
90% correlation with the theoretical cantilever prediction, thus enabling some considerable 
confidence to be placed in the method. 
6.5 Finite element analysis. 
6.5.1. Propeller selection. 
The Aquatay propeller subject to the manufacturing investigation discussed in chapter 4 
was used as a basis for the next stage of the model. Whilst FEA is a generic modelling 
process, using this particular propeller was convenient, as data from sea trials would be 
readily available when this work is continued. 
In order to determine the coordinates that describe the geometry of the propeller for input 
into the pre-processing module of the FEA, the unconventional approach was to take 
"slices" of a previously moulded composite blade. Blade sections were then transferred to 
paper where the c04:lrdinates could be determined. The propeller sections are included in 
appendix 8. The FEA mesh is shown in figure 6.18, the thickness of the propeller sections 
and the corresponding FEA elements are specified in the data file (AQTH.dat), also in 
appendix 8. 
Page Jl3 
Chapter Six Prediction of Hydrodynamic Perfortnance Advantages for E/asticaUy Tailored ComposiJe Propelkrs. 
Help: 
Uessel: 
Sheet: 
Date: 
Click here 
Rquatay 
load.HLS 
17/1/96 
Uessel Operating Parameters ... I 
li~d~fle~) lli)at~#.~~ ·AKfintaH~ 
68 1288 7.8 
75 1408 9.1 
95 1608 1a.4 
115 1888 11 .8 
138 2888 13. 1 
145 2288 14.4 
158 2488 15.7 
155 2588 16.4 
Thrust 8.588218 8.581958 
8 8 8 
8.81 3.84£-85 3.24£-85 
8.82 6.87[-85 6.49£- 85 
8.85 8.888152 8.888162 
8.89 a.888273 8.aa8292 
8.15 8.888455 8.8a8486 
8. 19 8.888577 8 .888616 
8.2 a .aaa6a7 8.888649 
8. 17 11.11811516 8 .818551 
8. 12 8.888364 8 .888389 
8 8 8 
8.a83836 8 .883243 
Torque 0.588218 8 .581958 
a a 8 
8 .8 1 2.48£-85 2.65£-85 
8.82 4.95£-85 5.3 1E-a5 
8.85 8.8a8124 a .8a81H 
8.89 8.888223 8.188239 
8. 15 8.888372 8.188398 
8.19 8.888471 8.888584 
8.2 8.888495 8.888531 
8 . 17 1 .888421 8.888451 
11. 12 11.888297 8.888318 
8 8 8 
1.882477 8.882654 
RPM 
(prop) 
621.8 
725.4 
829.8 
932.6 
1836.3 
1139.9 
1243.5 
1295.3 
8.583264 
8 
3.59£- 85 
7. 17£-85 
8.888179 
8.aa8323 
8.8a8538 
8 .8886a 1 
a .88a717 
8 .88861 
8.08a43 
8 
8 .883586 
8.583264 
8 
2.94£-85 
5.88£-85 
0.088147 
0.888265 
8.8a8441 
8.818559 
8.888588 
8.8885 
8.888353 
8 
8.882942 
J 
8.5882 
8.5828 
8.5833 
8.5843 
8.585 1 
8.5858 
a.5863 
a.5866 
8.58428 
8 
3.85£-85 
7 .7£-85 
11.888193 
8.88a347 
8.888578 
II.Bia732 
a .a8877 
8.888655 
8.888462 
8 
8.8a3852 
8 .58428 
a 
3. 17£-85 
6.33£-85 
8.888158 
8.888285 
8.888475 
8.888681 
8.888633 
8.888538 
8.881138 
0 
8.883165 
Spreadsheet 6.3 Load calculations for FEA. 
Total load 
Thrust (MH) 
8.88384 
8.88324 
8.88359 
8.88385 
8.8839 1 
8.88396 
8.88376 
8.aa372 
8.585892881 
8 
3.91362£-85 
7.82724£-85 
8.a8a 195681 
a .8aa352226 
8.888587843 
a.a88743587 
8.aa8782724 
8 .888665315 
8.888469634 
8 
8.a83913618 
8.58589288 1 
8 
3 .22832£-85 
6.44864£-85 
8.88816 1816 
8.888219829 
8.888483848 
8.888611861 
8.888644864 
8.888547454 
8.888386438 
8 
8 .883228321 
3 
8.55 
8.558 
8.62 
8.7 
8 .93 
I 93 
Total load 
Torque (MHJ 
8.08248 
8.88265 
8.88294 
8.88317 
8 .a8322 
8.88327 
8.88318 
8.88387 
8.58575669 
8 
3.9639£-85 
7 .9277£-85 
8.88819819 
a .8a835675 
8.88859458 
a.a8a75313 
8.88879277 
8.a81167385 
8.88847566 
8 
8.88396385 
8.58575669 
8 
3.2654£-85 
6 .5387£- 85 
8.88816327 
8.88829388 
8 .88a4898 
8.88862042 
8.88865387 
8.1181155511 
8.8a839184 
8 
8.88326536 
8 .586311 8.586554 
8 8 
3.76£-85 3.72£- 85 
7.51 E- 85 7.45£- 85 
8 .888188 8.888186 
a .8aa338 8.888335 
8 .8a0563 8.888559 
8 .888714 11.818717 
8 .aa8751 8.1188745 
8.888638 8 .88a633 
8.88845 1 8 .888447 
8 8 
8.883755 8.a83724 
8.586311 a .586554 
0 a 
3 . 1E-85 3.87£- 85 
6.19E-05 6. 14£-05 
8.a81155 8 .888154 
8.888279 8 .888276 
8.8118464 8 .888461 
8 .888588 8 .888584 
8 .888619 8 .888614 
8 .888526 8.8all522 
8.aa8372 8 .888369 
8 8 
8.083896 8.803872 
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r: 1\ L 
1\C 2 
r\D 3 
Al1 + 
.l.N 5 
BH 6 
CL 7 
CN 8 
'3 
Le 
L L 
L2 
L~ 
L4 
LS 
LS 
L7 
L9 
L9 
29 
RS 2l 
RE: 22 
RP 23 
RS 2+ 
vs 25 
TR 26 
27 
AC 28 
TI 2'9 
nde 
~3L 
32 
33 
34 
35 
36 
37 
3e 
39 
+e 
y, 
l5 ILOADCA SE= 1 
/ ..... 
I 
-+--+---·--+(- \""-
~ 
___.__ ~ 
. 
,-
I 
+-
X= 90 Y= 8 Z= 0 
... _..., 
~ ~-----
1 - @-7 ----
-----......:.. 
~ 
& 
.................. . I I 
~ . I 
--~ 
--.1 
-
> ENTER IDENTIFIER FOR CREATION OF NEW DATA FILE= aqth 
> ENTER SIGNIFICANT FIGURES FOR NODE DATA <3-8>= 8 
> STARTING TO WRITE NODES> NODES COMPLETED> 
STARTING TO WRITE ELEMENTS> ELEMENTS COMPLETED ... 
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6.5.2 Modelling the propeller blade. 
Certain idiosyncrasies exist within the P AFEC modelling environment that should be 
considered whilst the model is being set up. 
• Quadrilateral elements are not permitted to have corner node angles greater 
than 155°. 
• The through thickness direction of each element of the structure to be 
modelled must be aligned with the global Z axis, as fibre angles are 
expressed relative to the X axis. Thus the global axis must be rotated so that 
this is true, (figure 6.19). (A transformation file within P AFEC is used to 
achieve this). 
Propeller blade / 
Global axis must 
Y ____-be transformed to ~ this alignment 
as material 
alignment is 
defined by this 
angle relative to 
the X axis 
Figure 6.19 Alignment of global FEA axis. 
Once these are considered the element mesh is created from the geometry determined in 
section 6.5.1. The loads are applied and encastre restraints imposed at the propeller root. 
The laminate structure of each element was approximated in that the anisotropy and 
stacking sequence of plies were defined as a single ply the same thickness as each element 
with directional properties. This worked for the earlier plate validation, however, whilst 
coupling effects are considered with this approach inter- laminar shear effects are not. This 
approach saved a considerable amount of time at the data input stage and would be 
modified at a later stage if appropriate. 
6.5.3 Material Configuration for the analysis. 
In order to maximise the efficiency change, the pitch diameter ratio and therefore the 
elastic deformation under load of the propeller must be maximised. In order to achieve 
this, the following material configurations were modelled: 
• Manganese Bronze, included as a bench mark. 
• Uni- directional E-glass at 50% volume fraction oriented at 0° to 180° to the X axis in 
10° increments. 
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Dlsplacements at 
Nodes 293 and 281 
Degrees H 293 
0 - 8.9198 
ID -1.1111 
28 -1.6211 
38 - 2.1985 
48 - 2.8236 
58 -3.4082 
60 -3.8708 
78 -4. 1867 
BB -4.3615 
98 -4.3629 
lOB -4. 1493 
110 -3.7134 
128 -3.1147 
138 - 2.4777 
148 - 1.9844 
ISO - 1.4265 
160 - 1.0751 
178 - 0.8946 
180 - 8 .9198 
6 
K 281 y 293 y 281 
-1.8283 0 .873 1.1191 
- 1.8887 1.4096 8.9925 
-1.1826 2.1871 1.1234 
- 1.5641 3.8652 1.5144 
- 2 . 1325 3 .8918 2. 1711 
- 2.8418 4 .5362 3.8785 
-3.562 4 .9346 4.0989 
-4 . 1182 5.1686 4.9218 
-4.4278 5.2878 5.4827 
-4.5252 5.2261 5 .5796 
-4.4644 4 .8528 5.5547 
-4.2582 4 . 1542 5.3493 
-3.8787 3.2411 4.941 4 
-3.3859 2.3154 4.3442 
- 2.8244 1.5482 3.6187 
-2.2367 8.9826 2.8389 
- 1.6903 0.6734 2.8986 
- 1.2675 0 .6321 1.4995 
-1.0283 0.873 1.1191 
4 
e 2 
.§ 
/ 
/ 
c 
.. 
E 
2l 
"' c. 
.. 
E 
- 6 
68 80 180 128 
Fibre orientation (degrees) 
z 293 
- 8.2586 
- 8.1978 
- 8 . 1661 
- 8. 1185 
- 0.2515 
-0.3836 
- 0.545 
- 8.6843 
- 8.7695 
- 0.8109 
- 8.8295 
- 8.8287 
- 8 .8829 
- 8.7479 
- 8 .6652 
-8.561 
- 8 .4486 
- 8.3439 
- 8.2586 
z 281 Degrees K" 293 K" 281 Y" 293 
1.3918 8 -148.9198 223.9717 -11 6. 127 
1.3473 ID -149.1711 223.9993 - 115.5984 
1.5644 20 -149.6211 223.8174 -114.8129 
2. 1333 30 -1 58.1985 223.4359 - 113.9348 
2.9424 40 -158.8236 222.8675 -113.1882 
3.929 58 -151.4882 222.1582 -112.4638 
4.9842 68 -151.8708 221.438 -1 12.0654 
5.643 70 - 152.1867 220.8818 - 111.8394 
6.8461 80 -152.3615 220.5722 -111.7122 
6.1697 90 - 152.3629 220.4748 - 111.7739 
6.887 lOB - 152. 1493 220.5356 - 112. 1472 
5.7984 110 - 151.7134 220.7498 - 112.8458 
5 .2947 128 - 151.1147 221.1213 - 113.7583 
4.6226 138 - 150.4777 221.6141 - 114.6846 
3 .8541 140 - 149.9044 222.1156 -1 15.4598 
3.849 158 - 149.4265 222.7633 -116.8174 
2.3015 168 - 149.8751 223.3097 - 116.3266 
1.7229 118 - 148.8946 223.7325 -116.3679 
1.3918 IBB - 148.9198 223.9717 -116.127 
0.900 
0.890 
0.1180 
-e- K293 0.870 
- • - K281 0.860 
0 
0 
-o-- y 281 
·= 
&! 0.850 
~ 
0.840 
y 293 
0.1130 
0.820 
0.810 
0.800 
0 20 
. NRB FRP 
Unloaded Loaded Loaded 
Y' 281 z· 293 z· 201 Degrees Pitch (In) Pitch (In) Pitch (In) 
33.1191 216.7414 218.3918 0 8.856 8 .856 8.857 
32.9925 216.8822 218.3473 
33. 1234 216.8339 218.5644 
33.5144 216.8215 219. 1333 
34.1711 216.7485 219.9424 
ID 8.856 0.856 8.853 
28 8.856 8.856 8.849 
38 8.856 8.856 8.846 
48 8.856 8.856 8 .845 
Q 
~ 
~ 
..... 
35.8785 216.6164 220.929 
36.8909 216.455 221.9842 
36.9218 216.3157 222.643 
37.4827 216.2385 223.8461 
37.5796 2 16.1 891 223.1697 
37.5547 216.1105 223.087 
sa 8.856 0.856 8 .847 
68 8 .856 0.856 8.858 
78 0.856 8.856 0 .854 
sa 8.856 8.856 0.856 
98 0.856 8.856 8.858 
108 8 .856 8.856 8 .860 
c., 
~· 
~ 
1:1. f>• 
::. 
C) 
;::. 
37.3493 216.1713 222.7984 
36.9414 216. 1971 222.2947 
36.3442 216.2521 221.6226 
35.6187 216.3348 220.8541 
34.8389 216.439 228.849 
34.0986 216.5514 219.3015 
33.4995 216.6561 218.7229 
33.1191 216.7414 218.3918 
110 8.856 0.856 0.863 
120 8.856 8.856 8.867 
138 8.856 8.856 8.869 
148 8.856 8.856 8.869 
ISO 8.856 8.856 8 .868 
160 8 .856 8.856 0.865 
118 8.856 8.856 8 .861 
188 0.856 0.856 8.857 
~ 
.s: 
~ 
~ 
~ ~ 
"'"! f>• ~ 
PHcb variation vs. Obre angle (constant load) 
$:) "1:1 
~ ~ ;:s- ~ 
~ ~ ('=> 
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" ~ >-
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6.5.4 FEA Output. 
The nodal displacements given by PAFEC are shown in spreadsheet 6.4. (nodal 
displacements are held in the file AQTH.o07). Figure 6.20 shows the deformed 
(exaggerated) propeller mesh. The pitch change at this radius can be determined by simple 
geometric transformation:-
1. Select tip nodes at 0.7 radius on the blade periphery. 
2. Read displacements from flle AQTH:o07. 
3. Perform geometric transformations that express the angle of twist of a line 
joining the 2 nodes. 
4. Calculate the pitch change. 
5. Plot. 
These transformations are performed in spreadsheet 6.4. (Equations given in appendix 6). 
The pitch change is expressed by convention as a pitch I diameter ratio, (P/D). 
6.5.5 Fibre angle that gives the most bend twist coupling. 
The following can be seen from the graphs on spreadsheet 6.4:-
• The fibre angles (8f) that give greatest pitch change for this particular propeller are 
40°and 130°. 
• The fibre angles for zero pitch change are 5°, 78°and 1·85°. 
• The pitch change is small; change in pitch diameter ratio (MID) is 0.856 to 0.845, 
At this stage this pitch change is too small to make any worthwhile difference to the 
performance of the propeller. Thus in order to produce a further pitch change the fibre 
volume fr~ction must be reduced to give greater flexibility, as the geometry of the 
propeller is fixed. However, the angle 8[ may be volume fraction dependent, this must be 
established before further FEA models are run. 
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6.6 The influence of fibre volume fraction. 
6.6.1 The angle of maximum bend/twist coupling. 
From the preliminary finite element analysis, it can be seen that for a given propeller 
geometry and uni-directional laminate, a fibre angle exists that gives the maximum twist 
for a given bending load. Figure 6.21. shows these angles to be 40° and 130°. 
0.900 
0.890 
0.880 
0.170 
0 0.860 
~ o.aso -·-Unloaded pitch 
!E 0.840 --Loaded pitch 
0.830 
0.120 
0 .810 
0.800 
0 W 40 ~ W ~ lW 140 I~ lW 
Fibre angle (de&) 
Figure 6.21 Uni-directional fibre angle that gives maximum propeller blade twist. 
In order to maximise this laminate twist and therefore achievable P/D ratio change, other 
parameters must also be considered. The fibre volume fraction and the proportion of fibre 
required perpendicular to the primary uni-directional load bearing fibre must be varied to 
determine their influence on the optimum fibre angle. The relationship between these 
fundamental parameters must be established. 
6.6.2 The influence of fibre volume fraction. 
To provide some initial insight a glass/epoxy plate was modelled that had the properties 
outlined in table 6.2. Genlaml general laminate analysis software was used to determine 
the elastic deformations of a family of laminates, where each laminate was characterised 
by varying fibre angle and volume fraction . 
................... fi.~-~~---·· ·············L. ............... ~.g_!~~~---·············· 
Resin i Ennxy ··········· ···· ·-·········· ·· ·· · · · · · ···············t······················r.~ ...................... . 
.......... ~ly_~~!.~~~-~----·-----l .............. .9.:.~.~~- ----···· ···--·· 
................ ~.P-~!-~ ................ !... .................... ~9 .................... .. 
............. ~~~~--~Y.P~ ............ l ...... Y.~~~~-~-~-~~-~~---·· 
Load ! lNm 
·-···············-················--··-···-···-··f.······-····················-·······-··············· 
..... ~!-~~~A~~-~-~-~~~----J ....... Y..~~.(-~-~--~--~~} ..... . 
Anisotropy i Uni-directional 
Table 6.2 Modelled laminate properties. 
Output data for the elastic deformations is expressed as a curvature coefficient "K" value, 
. . 
1 Genlam, General laminate analysis software from Think Composites. 
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where "K" is the inverse of the radius of curvature, table 6.3 . 
................. ~--!~-~-~---------------L ............................. J.~-~ryr.!.~~~~---------------------------- .... .. 
····-··-········--_}~! ___________________ _L ___________ __ ~_Lr~~-~-~f.~l!!Y.~~~--X:-~~~-~~~~---·········--
·················· K2 ------------ ___ .l. _______________ v~~~~-gr,_~-~~~!?..Y .. ~~-~~9.~--------------
K6 ! 1/radius of curvature XY direction (twist) 
Table 6.3 K value interpretation. 
The numerical data from the model is given in appendix 8; however the following figures 
6.22 - 6.24 show the graphical output. 
0 .08 
0 .06 
0.04 
(Volume fractions) 
• 10% fibre 
• 20% fibre 
• 30% fibre 
• 40% fibre 
• 50% fibre 
• 60% fibre 
70% fibre 
0 80% fibre 
0 90% fibre 
0 .00 +--..----.----.---.--,--..----.---r--r--,--r---t 
0 15 30 45 60 75 90 
F ibre orientation (degree) 
Figure 6.22 Curvature coefficient Kl vs. fibre orientation for various fibre volume 
fractions. 
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0 .025.--------------------------------------------, 
0 .015 
0 .005 
-0 .005 
-0.015 
• 20% fibre 
• 30% fibre 
• 40% fibre 
• 50% fibre 
• 60% fibre 
70% fibre 
o 80% fibre 
0 90% fibre 
-0 . 025;---~--~-----r------~-----.------~----~ 
0 15 30 45 60 75 90 
Fibre orientation (degrees) 
Figure 6.23 Curvature coefficient K2 vs. fibre orientation for various fibre volume 
fractions. 
0.02 
• 10% fibre 
• 20% fibre 
• 30% fibre 
• 40% fibre 0.00 
• 50% fibre 
• 60% fibre 
70% fibre 
0 80% fibre 
-0 .02 
0 90% fibre 
-0.04 
-0 .06 -t---,.-----r-........---r-----.---.-........--.------.---.-........-~ 
0 15 30 45 60 75 90 
F ibre orientation (degrees) 
Figure 6.24 Curvature coeff. K6 vs. fibre orientation for various fibre volume fractions. 
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6.6.3 Interpretation of the graphical output 
All three curvature coefficient graphs have been given for completeness. 
Kl gives a maximum curvature at 90° fibre orientation, where the matrix dominates and is 
independent of fibre volume fraction. 
K2 gives a maximum curvature at 45° and this angle is independent of volume fraction. 
K6 is the coefficient that indicates any bend/twist coupling: 
• When K6 is zero, no bend/twist coupling exists, this is seen at fibre angles of 
0° and 90° and some intennediate values. 
• The curvatures at angles between 0° and 30° are possibly caused by internal 
stresses in the laminate and are small. 
• The maximum magnitude of curvature varies between 60° and 65° and is 
slightly dependent on fibre volume fraction. 
Over the range of usable fibre volume fractions, these differences described above are 
small, and can be ignored. Thus the fibre angle that gives the maximum bend/twist 
coupling is for practical purposes independent of fibre volume fraction. 
6.6.4 The influence of fibres perpendicular to the primary uni-directional load 
bearing fibres. 
Laminated composite structures often have complex loading regimes that require more 
than uni-axial fibre placement. Such is the case with propeller blades, where some 
proportion of fibres placed at 90° to the major load path are required. Thus the effect of 
these on the fibre angle that gives the maximum bend/twist coupling must be determined. 
To do this a comparison was made, again by modelling a glass/epoxy plate with Genlam 
the same as the previous example, the three laminates investigated are given in table 6.5. 
Laminate 1 2 3 
................. r.~ .. .9.~ .. ~~.~~···· ··········· ·· ................ ?..9. ............... , ............ }?.:.~ ............. ; ................ ?.?. ............... . 
% 90° fibre 0 ~ 12.5 ! 25 
···············································-·······-·-······································-!---·········· ························)··················· ····· ············ 
Fibre volume fraction 50 ! 50 ! 50 
Table 6.5 Laminates for the orthotropic comparison. 
Again, all three curvature coefficients were plotted for completeness and these are shown 
in figures 6.25-6.27. The numerical data and laminate data is given in appendix 8. 
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o.to.----------------------------------------. 
1 • Uni directional 
2 • 37.5%@0° 12.5%@90° (50% resin) 
o.os 3 • Balanced 
0 .06 
0 .00~--~--~--~~--~---r--~--~--r---r-~--~ 
0 15 30 45 60 75 90 
Fibre orlentlon (degrees) 
Figure 6.25 Curvature coefficient Kl vs. fibre orientation for different levels of anisotropy. 
0 . 02.---------------------------------------~ 
0.01 
0 .00 
1 • Uni directional 
2 • 37 .5%@0° 12.5%@90° (50% resin) 
3 • Balanced 
-0.01+---~~--~--r-~---r--~~--~--~~---i 
0 15 3 0 45 60 75 90 
Fibre orientation (degrees) 
Figure 6.26 Curvature coefficient K2 vs. fibre orientation for different levels of anisotropy. 
Page 124 
Chapter Six Prediction of Hydrodynamic PerjoT11Uince Advantages for Elastically Tailored Composite Propellers. 
0.02.......---------------------, 
0.00 
-0.02 
-0.04 
1 • Uui directional 
3 • Balanced 
2 • 37.5%@0° 12.5%@90° (50% resin) 
-0.06 +-----.r----ro-.....---r-.......---.---r--.--~-.-----,.-~ 
0 15 30 45 60 75 90 
Fibre angle (degrees) 
Figure 6.27 Curvature coefficient K6 vs.fibre orientation for different Levels of anisotropy. 
6.6.5 Interpretation of graphical output. 
The important graph is figure 6.27 where curvature coefficient K6 gives the indication of 
any influence the extra fibre has on the fibre angle that gives maximum bend/twist 
coupling. The fibre angle shifts from 60° for the fully uni-directional laminate, to 67.5° for 
the fully orthotropic laminate. Thus the addition of small quantities of fibre perpendicular 
to the primary load bearing fibre will have a small effect and may be considered too small 
to be of any consequence. 
6. 7 Prediction of AP ID vs. fibre volume fraction. 
Thus, in order to pursue further the goal of maximum &ID, further FEA was carried out, 
this time the materials data file was modified so that three different fibre volume fractions 
could be modelled. These are summarised in table 6.6. 
1 2 3 
Fibre orientation 40° 40° 40° 
······-······························· ·····················-······ ... .... . ··············· .. 
-~~~--~-~~~---·················· ·········---···Y.P .............. : .............. Y.P ..................... Y.P. ............. . 
Fibre volume fraction 25.00% 50.00% 75.00% 
Table 6.6 Material modifications. 
Apart from these modifications, the FEA model was run again with the same input 
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parameters. The nodal displacements were treated in the same manner to obtain the LW/D. 
Figure 6.28 shows the effect of reducing the fibre content on M' ID. 
P/D ratio 
0.860 
0.858 
0.856 
0.854 
0.852 
0.850 
0.848 
0.846 
0.844 
0.842 
0.840 
0 10 20 30 
o Manganese Bronze Propeller 
• Composi~e ~ropeller 
40 50 60 70 80 
Fibre volume fraction (%) 
Figure 6.28 Change in PID ratio for different fibre volume fractions. 
Figure 6.28 illustrates the stiffness of the composite propeller and shows only a small 
change in pitch. In fact, it is clear from the graph that the bend/twist coupling is actually 
greater at higher volume fractions. This is expected, as the fibre volume fraction tends to 
zero the blade becomes more isotropic. The manganese bronze propeller can be considered 
the bench mark. This exhibited zero twist under load and it was subject to the same 
loading as the composite propeller. 
These geometric changes in response to the predicted propeller loads are small and will 
have a negligible hydrodynamic effect. This is an important conclusion, the propeller 
considered for this model is near geometrically to a standard B-Series propeller. Thus for 
propellers of this type which are inherently stiff because of their geometry, alternative 
approaches must be adopted. In particular considering blades of thinner sections. 
6.8 Summary. 
It has been shown that for a propeller of a particular geometry, designed with a given uni-
directiona1laminate, a fibre angle can be defmed by the finite element analysis procedure 
Page 126 
Chapter Six, Prediction of Hydrodynamic Performance Ad•antages for ElasticaUy Tailored ComposiJe Propelkrs. 
outlined, that gives a maximum bend/twist coupling relationship. This angle for practical 
purposes has been shown to be: 
• Independent of fibre volume fraction. 
• Only marginally affected by the addition of small quantities of fibre 
perpendicular to the major reinforcing fibres. 
This chapter has considered the possibility that a propeller made from composite materials 
that has bend/twist coupling deformation properties, would have a significant 
hydrodynamic performance advantages. It is clear that this material phenomenon does 
exist and that a variable pitch propeller is beneficial. 
However, what has also become apparent from the modelling, is the blades of 
conventional propeller geometries are very stiff. (the propeller modelled here is a typical 
example). The maximum pitch change predicted from the example researched here, is only 
0.3 inch. 
Thus, in order to exploit the hydrodynamic advantages possible with the use of highly 
anisotropic material, a more compliant blade must be produced by using a thinner blade 
section and a composite with a lower modulus. When this is achieved, performance 
improvements will be available for propulsion systems that are required to operate below 
the optimum matching point for a traditionally stiff propeller. 
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Chapter Seven~.-___ _ 
Discussion and conclusions. 
7.1 Project overview. 
7.1.1 Aims of the thesis. 
The purpose of this work has been to investigate the hypothesis that the novel approach of 
manufacturing marine propellers from moulded, continuous fibre, anisotropic, polymer 
composite materials has some significant advantages. These include the following: 
I. That there are economic benefits in producing certain propeller types in composite. 
2. That it is possible to effectively manufacture marine propellers in composite materials. 
3. That they can be designed in composite with sufficient strength. 
4. That they have sufficient longevity. 
5. And that there is the potential for hydrodynamic performance advantages. 
Each area was studied systematically in order to prove or disprove each of the ideas put for-
ward. 
7 .1.2 Economics. 
A fundamental issue with the manufacture of marine propellers is that each propeller must be 
designed to match the powering and speed requirements of the vessel for which it is inten-
ded. This means that there are a large number of different propeller designs, many of which 
are "one offs" and there are rarely large production runs of any one design. The exception to 
this is with outboard motor propellers and some smaller "stock" AB2 propellers, where large 
numbers of one design are produced. The economic analysis is presented in chapter 3 and 
does indicate that for relatively small production runs, a composite propeller manufactured 
by RTM would give a viable economic margin. This is largely dependent on the cost of the 
tooling, which, as argued in chapter 3 and discussed in the next section can be produced 
cheaply. And as the RTM industry matures, the process will become more cost effective still. 
The material cost. for AB2 and HTB I propellers is usually about 5% of the propeller market 
price. For 50% (by volume) glass epoxy composites this figure is nearer 4%. This material 
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cost is in favour of the composite propeller. The studies of this thesis indicate that for even 
small numbers of 12 or 15 propellers of non complex geometries (eg 0.5 DAR and 3 
blades), the margin is likely to be improved over the equivalent metallic propeller. 
7 .1. 3 Manufacture. 
Four different designs of propeller were produced successfully during this project. Because 
of the complex laminate configurations of the propeller shape and thick root sections, large 
amounts of fibre are required. This most conveniently comes in heavy weight fabrics, which 
required some important process optimisation. 
What has become clear through the process experimentation is that some fibre forms exhibit 
very different flow characteristics. Experimentation demonstrated that with two different 
fibre arrangements the difference in fill time for the same mould with resin can be up to 10 
times as long, even though the fibre content is kept the same. With the complex shape of the 
propeller, it is sometimes difficult to control precisely the position of the fibre in the mould 
and therefore the fibre fraction in parts of the blade. Using a fibre pack that has good resin 
flow attributes has allowed a far greater chance of sound mouldings. This type of process 
optimisation meant that successful propeller manufacture was more probable. 
Incorporating a metallic shaft interface into the composite propeller has proved successful. It 
has been shown by experience that this style of interface is very conveniently incorporated at 
the fibre layup stage. Experience with the propeller at operating at sea has shown no measur-
able mechanical weakness with this attachment after 200 hours oflogged use. 
Manufacturing technology seldom stands still, the following areas indicate the likely deve-
lopments in composite manufacturing technology that will facilitate the future production of 
composite propellers. 
l. NC machining of mould tools from a thermo plastic, which can then be recycled. 
2. Low cost RTM tooling skins that fit into standard clamping and porting systems. 
3. Increasing use of rapid prototyping technology, primarily for producing patterns and 
moulds. 
4. Robotically controlled spray up composite tools. 
Some new metallic propeller designs require re-pitching after initial sea trials. This is not 
possible with composite propellers, (although, if the composite is heated and deliberately 
distorted, a small permanent geometry change is possible. This, however is not an option for 
major pitch changes). For some non-specalised propellers which will not use hydro-elastic 
tailoring, prototyping could be carried out in metal and when the design is correct the pro-
duction of the composite propeller follows. A common problem in the propeller installation 
for production powerboats occurs when the final hull weight of the vessel varies from that of 
the original specified design weight. This results from inconsistent manufacture of the com-
posite parts of the vessel. With this variation in weight and consequently the powering of the 
vessel reqUired for a given speed, the propellers for these vessels often have to be re-pitched. 
Page 129 
Chapter Seven Conclusions. 
This is a related problem that comes from poor manufacturing control of the hull laminate 
manufacture that the composite boat building industry should address if a standard composite 
propeller iHo be supplied to a standard vessel. However, a more compliant hydro-elastically 
tailored propeller would be less sensitive to variations in fmal vessel weight 
7 .1.4 Propeller strength. 
Boat tests have shown that the propellers manufactured so far have sufficient strength for the 
usual operating conditions the vessel experiences. The main evidence for this was from the 
testing on the vessel "Pandora" where a composite propeller was used over a period of 9 
months, accumulating nearly 200 hours running time, until the propeller failed on impact 
with a solid object. Prior to this the regular inspections of the propeller could not detect any 
visual sign that the propeller was.not strong enough or degrading with use. The fact that on 
no occasion during any of the boat trials with the composite propeller was there any loss of 
performance, indicates that the composite propellers were well able to absorb the power deli-
vered to them. 
7.1.5 Propeller longevity. 
Incidents were recorded where one of the propellers had a 15 mm diameter polypropylene 
rope wrapped around it. On another occasion an electrical cable became entangled. Apart 
from some minor abrasion on one blade edge and around the boss, neither incident caused 
any significant damage or fall off in performance. However, as testing experience was gath-
ered it became apparent that the propellers tested do not seem to have sufficient toughness for 
certain levels of impact damage. 
On the two occasions that catastrophic propeller failures occurred, very little information was 
available. ".fhe objects that struck each propeller were not recovered. The first propeller lost 
all three blades and the second propeller lost two blades. Before significant conclusions can 
·be drawn, more data must be gathered. Whilst there are other issues that pertain to the com-
posite propeller longevity, that are discussed presently, appropriate propeller toughness is 
the main issue that requires further research. A further crucial question that remains unan-
swered is what damage would the metal propeller have suffered with the same impact. 
Propellers of most descriptions experience a degree of cyclic loading. However there was 
no evidence to suggest that fatigue was primarily the cause for any of the two failures. 
7.1.6 Hydrodynamic performance. 
The introduction of an anisotropic material to the marine propeller allows some design possi-
bilities that metals do not have. Initially it wa:s recognised that by usiilg a material of a differ-
ent modulus there may be a performance difference. In order to investigate this, the testing 
on "Pandora" was carried out. The vessel speed for given RPM and the thrust generated in 
the bollard pull condition indicated that there was no performance penalty for this vessel 
using a propeller that had more compliant blades than the metal propeller it had replaced. 
Secondly, the possibility of introducing a hydrodynamic advantage to the propeller by intro-
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ducing directionally elastic materials was investigated. By designing a blade that was flexible 
to allow a small pitch change as the load increased, in theory some efficiency gain may be 
possible. This can either be by allowing the efficiency envelope to widen slightly, or allow-
ing a little reserve pitch for acceleration before the propeller reaches the matching point. (See 
figure 6.4). 
The work carried out in the towing tank and cavitation tunnel confinned that a small change 
in the shape of the efficiency envelope was-possible by changing the flexural characteristics 
of the propeller. However the FEA modelling confinned that in order for this idea to have 
any significance the propeller blade must be far more compliant. This must be achieved by 
using a material with a lower modulus and a propeller with a thinner blade section. 
7.2 Immediate applications. 
It is evident from the work that has been done, that some specific propeller types are market-
able and very little research is required to realise this. Although not the main thrust of this 
thesis, outboard motor propellers made from continuous fibre composite materials have 
some clear benefits over the conventional materials used for these types of propeller. These 
propellers are characterised by high volume production in quantities that have allowed injec-
tion moulding to be economic. However, a continuous fibre composite allows mechanical 
stiffnesses and strengths not otherwise possible from glass filled thennoplastics; The inno-
vative blade configurations explained in this thesis, manufactured cost effectively by RTM 
have shown significant technical and economic progress. To date no manufacturer has been 
identified who is producing continuous fibre composite outboard motor propellers. 
Large numbers of manganese bronze propellers are produced as stock items. Generally these 
propellers are for displacement or semi-displacement vessels up to 40' in length. They are 
robust and they are for vessels of only moderate perfonnance. Generally the propeller geo-
metry is not highly critical. Resin transfer moulding is a low investment process and this 
propeller type lends itself to production in composite. 
7.3 Future applications. 
Certain vessel types are range limited. This is true of a number of vessels in the fleet of the 
Royal National Lifeboat Institution. (RNLD. The payload including fuel is limited. Thus any 
weight saving measures that allow more fuel to be carried thus extending the range of the 
vessel are beneficial. Composite propellers that weigh 25% of their metal counterparts in 
conjunction with other composite stem gear, will give some effective extension to the range 
of operation of these vessels. 
Sophisticated, high perfonnance propellers that require high geometric tolerances, thinner 
blade sections and stealth characteristics will benefit from the elastic tailoring that can best be 
produced in composite. It is this propeller type that has stirred the most interest from indu-
stry. Significant financial investments will be required to realise the clear potential available 
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to this market sector. 
7.4 Conclusions. 
This thesis has shown that it should be possible to economically manufacture small, monoli-
thic marine propellers of simple geometries in composite materials by resin transfer mould-
ing. With some developments in tooling manufacture and the continuing maturing of resin 
transfer moulding an improved economic margin may be possible over certain types of me-
tallic propeller. This has been well established. Also it is clear that the composite raw mater-
ial costs are slightly cheaper than AB2 or HTB 1. 
A key manufacturing issue that must be addressed before a composite propeller will be man-
ufactured by mainstream marine industries, is a cultural one. Most propeller manufacturers 
are expert in processing and casting metals, a process that has developed over many years. 
For most, the change to processing a different material is an unacceptably high risk, coupled 
with the perception that composite materials are too fragile. 
The fundamental requirement for a successful composite propeller is to identify by how 
much the toughness must be increased. This requires a failure analysis as, the two catastro-
phic propeller failures occurred as a result of contact with an unidentified and unrecoverable 
solid object in the water. Some further work is necessary to study the statistical and mech-
anical nature of propeller impacts with solid objects. Laminates should be optimised for 
maximum toughness. The failure mode exhibited so far has shown the shedding of the 
whole of the propeller blade, rendering zero propulsion. A more effective failure mode 
would enable the blade to fail somewhere away from the root area, thus leaving some blade 
area still intact, thus allowing some propulsion. 
In order that greater confidence can be placed in composite propellers as a viable method of 
propulsion, significantly more time must be logged at sea. Only when a large quantity of data 
is available will it be possible to prioritise the further issues of longevity. The marine indu-
stry is conservative, the concept of composite propellers must necessarily be sold on anecdo-
tal evidence and experience as well as scientific rational. 
The exploitation of propeller blades that have greater compliances for improved hydrodyna-
mic efficiency should be studied further. This must be coupled with the development of ef-
fective failure models that enable determination of thinner blade sections. Thinner blade sec-
tions will inevitably lead to.efficiency gains, however this must be looked at in the light of 
the toughness of the propeller structure. 
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A number of areas have been highlighted that require further generic research which have 
not been studied in this.thesis. The following areas carry on from the work already underta-
ken they will contribute to the future effectiveness of composite propeller development: 
• Water absorption. 
• Fatigue in seawaier. 
• New shaft attachments. 
• Cavitation erosion. 
• Particle erosion. 
• The use of low modulus resins. 
The concept of a small, monolithic composite marine propeller is viable economically, 
should there be sufficient numbers to produce. The fundamental issue to solve is that of pro-
peller toughness, this is not insurmountable but more intelligence is required pertaining to the 
nature of propeller impacts. When this is understood, then a more compliant blade can be in-
troduced to gain some hydrodynamic advantage. 
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·. · . Composite propelllers manufactllluredl 
to date. 
~ .. . • . >~ ~ ... . . . . >: .. . . . ,.. . ' ' .. ' .. . ., . .. . . ' .. 
The use of composites in propellers·produced to date. 
A number of solutions have been put forward, for the redesign of the marine propeller by changing 
its material to composite. Although the wide spread use of composite propellers does not seem to 
have materialised yet, many are still at the development stage but given time successful designs will 
emerge. 
Torpedo Propellersi3J 
Manufactured by: Reinhold Industries, Sante FE Springs, California, USA. 
Year fll'st produced: 1985. 
Application: Torpedoes, military. 
Size: 20/25 cm 
Number of blades: 5(7. 
Material: E glass reinforced polyester. 
Process: Compression moulding. 
Weight saving: 25%. 
Cost saving: 55% 
Size of production run: Many. 
Particular advantages and design features: 
Transparent to electronic detection, increase in 
performance, chemical inertness, direct retrofit for 
previous aluminium design, manufacturing 
consistency as the moulding process is not subject 
to tool wear like the previous process. The propeller 
is moulded in one piece. 
aFlexprop '~4 J 
Manufactured by: 1\arskronavarvet, Sweden. 
Year frrst produced: 1990, (development goes back 7 years before this) . 
Application: Military, submarines, civilian cruise vessels, ferries , RoRo bow thrusters. 
Size: 2m. 
Number of blades: 3. 
Material: Not known other than "cheap of the shelf'. 
Process: Not known other than "simple and straight 
forward". 
Weight saving: 80% 
Size of production run: One offs. 
Particular advantages and design features: Less vibration, 
1/2 to 1!3 reduction in wake amplitude, reduction in load 
variations and fatigue, tests so far have shown a 6% increase in 
efficiency. The design features a load carrying spar in each 
blade, this transmits load to the bronze boss. Each blade is 
cemented to a bronze connecter that fits to the boss. So far 
the propeller is only for controlled pitch applications. A real 
advantage of the structure -is the designed elastic properties 
of the blades that "flex'' to reduce blade loading. As a 
Appendix 1 
conventional bronze propeller is loaded during use a vicious circle of loads is created. As the load 
comes on the angle of attack increases so increasing blade load still further and so on. The Flexprop is 
able to overcome this loading cycle by having blades that do not increase their angle of attack as the 
load is developed upon them. 
Dow lsoplastr5J 
Manufactured by: Moline 11, USA. 
Year fU"St pmdJJ.ced: 1989. 
Application: Outboard engines, recreation. 
Size: Up to 330hp. 
Number of blades: 3. 
Material: 60% glass filled isoplast. 
Process: Injection moulding. 
Size of production run: Many. 
Particular advantages and design features: One piece moulding. 
"Sbgun'~6J 
Manufactured by: Gil Marine, USA. 
Year flrst produced: 1991. 
Application: Outboard engines, recreation. 
Size: 14" 
Number of blades: 6. 
Size of production run: Many. 
Particular advantages and design features: 
Longer life, reduced vibration, better low end 
power. Blades are detachable so damage can be 
rectified by replacing blades rather than the 
whole propeller. Pitch can also be changed by 
simply swapping blades over. 6 blades means 
blade load is reduced by 50% over a 
conventional 3 bladed propeller. 
Piranbar11 
Manufactured by: Piranha Props. 
Year frrst produced: 1990. 
Application: Outboard engines, recreation. 
Size: 35-260 hp. 
Number of blades: 3 (detachable) . 
Material: Long glass reinforced nylon 66, VERTON® RF 
Process: Injection moulding. 
Cost saving: Up to 75% on repair costs, new blade costs $20 compared to 
$60 -$80 for repairing an aluminium propeller. 
Size of production run: Many. 
Particular advantages and design features: The propeller consists of a 
hub with front and -rear caps to secure 3 detachable blades that are 
replaceable individually should one be damaged. The company makes blades L..:..__- -==-- --'--l 
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of 6 different pitches, that, its claimed cater for 80 to 90% of boating needs. 
Southamptan UniversitytBJ 
Manufactured by: Nick Barlow (boat builder) & 
Southampton University. 
Year produced: 1990. 
Application: Wind tunnel testing for research into hull 
propeller ip~ta.etions . 
Size: 800mm. 
Number of blades: 4. 
Material: Quadrax E glass, carbon reinforced Ampreg 25 
Process: Hand layup in female mould with vacuum bag 
consolidation. 
Size of production run: One 
Particular advantages and design features: 4 blades are 
bonded into machined aluminium connecters that fit to the 
boss. The propeller was made for wind tunnel testing. Due 
to the much higher speeds of the propeller compared to the 
same propeller and Reynolds number in water, centrifugal 
loads with a heavy bronze propeller would have been too 
high. So the lighter composite blades were more suitable. 
Vickers Mat·inel9J 
Application: Defence 
Size: 2.4m 
Number of blades: 5 
Particular advantages and design features: The propeller has 
blades that are claimed to flex and therefore reduce the acoustic 
signature, cavitation,. weight and cost. It is also claimed to be 
more efficient than conventional propellers . 
1\ 
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Contu.r-propeller 
Proceeding on the basic principle of exchangeable blades, our engineers from 
the AIR Fertigung-Technologie GmbH developed a new principle of manufac-
ture and design for ship and boat propellers. The result of this work is the 
Contur-propeller with individual blades made out of high strength fibre rein-
forced materials. However, only the use of these materials fully guarantees 
the characteristics of a top-quality propel ler, as wished for and demanded by 
the user and the supplier. 
What are the special merits of this propeller therefore? 
These are , above all, its high efficiency, increased smoothness of running 
and its strength; characteristics which promise a pleasant and safe journey. 
If such a journey must however be interrupted at some time due to ship dam-
age, there is no difficulty in quickly and easi ly replacing an individual blade. 
The further advantages of a propeller made out of composites should be of 
greatinterests particularly to professional users: its good vibratory stability, 
the distinct reduction in stress on the stuffing boxes and propeller bracket 
bearings, the increased resistance to cavitation and the fact that no corro-
sion results. The owner wi ll also "feel" the low weight of the Contur-propel-
lers made out of fibre reinforced materials when there is, in the truest sense 
of the word, only a "handbreadth of water under the keel" . 
As a result of extensive tests, propellers of a fully new quality with individual 
blades made out of carbon fibre reinforced plastic were thus developed, offer-
ing exceptional value for money. · 
AIR Fertigung-Technologie GmbH • Joa~him-Jung ius Straf3e 9 • 18059 Rostock 
Telefon (0381 ) 4059620 • Fax (0381) 4059200 
Propellers of a new quality 
Contur-propeller 
High efficiency and better 
quality 
Open-water-screw diagram of 
two comparative propellers 
Lower weight 
Excellent vibratory stability 
With the completely numerical description of the propeller geometry, the 
assignment of highly qualified technical staff, as well as the use of CNC process-
ing and testing methods, consistent quality, very high surface quality and precision 
are achieved during the manufacture of the propellers. 1t becomes possible 
to implement the most complicated, unconventional and highly efficient pro-
peller shapes. 
The extraordinary strength properties of fibre reinforced designs enable a re-
duction in the thickness qf the blades. In addition, a specially adapted pro-
peller can be designed and constructed for each ship. 
All these effects add up therefore to improvements in efficiency of 3 to 10 
percent compared with a comparable metallic propeller. 
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specially desogned propeller made out of fibre reinforced materials 
comparative conventional propeller 
1.2 
By using high-strength fibre reinforced materials as a blade material, the pro-
peller ' s weight can be reduced to approximately 25 to 35 percent of that of a 
comparative metallic propeller. In the case of damage to blades, or even the l .. -: 
loss of a blade, it is possible to continue the journey, as the resulting vibra-
tions are, due to the low weight of the propeller blades, relatively small . 
By reducing the mass moment of inertia to 15 to 18 percent compared with 
that of metallic propellers, its accelerating behaviour is improved. 
Furthermore, it is easier to handle the propeller. 
Using the material, which is unusual in the sector of propeller manufacturing, 
likewise enables a clear reduction in vibrations. Practically no natural vibra-
tions of the propeller occur therefore. An increased smoothness of running is 
achieved by means of the low weight of the Contur-propeller at the end of the 
shaft. 
The "humming" normally regarded as a problem can be prevented here also 
without specially designing the edges of the blades. 
As all blades are practically identical, no hydrodynamic balance errors oc-
cur. As a result of the possible reduction in the thickness of the blades, the 
pressure impulses on the shell are diminished. 
The noise emission of such a propeller is reduced by up to 5 dB compared 
with a metallic propeller. 
Reducing the thickness of the blades in the tip area results further in an in-
crease in protection against cavitation. By using special surface materials, 
it is possible to triple the propeller's resistance to cavitation and reduce the 
risk of damage due to cavitativ€ corrosion . 
Resistance to corrosion is guaranteed on the one hand by the ;ery high chemical 
resistance of the material to sea water. As, on the other hand, it is not a con-
ducting material, electrochemical corrosion is also avoided. 
Tensile 
strength 
NI mm' 
Modulus of 
elasticity 
kN/mm' 
Density weight-related 
strength 
glcm1 N/mm2 
glcm" 
High-strength fibre reinforced material 
Conventional propeller material 
weight-related 
modulus of elasticity 
kN/mm' 
wcmr 
The strength of carbon fibres surpasses that of steel alloys of a higher strength. 
The combination of carbon, aramide and highly drawn polyethylene (PE)fibres 
at the edges of the blades guarantees a very high resistance to impact. 
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Favourable cavitation stability 
High protection against 
corrosion 
Key data relating to composite 
mR:arial and metal 
Very great strength 
Calculation of strength by 
means of the computer 
Model propeller in the cavitation 
tank 
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Contur-propeller on the ship 
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RTM experimental data. 
Fibre ~ CoTech 14 CoTech 24 ~ BiAx 14 BiAx 24 
Volume ~ Degrees C Degrees C Degrees C Degrees C 
Fraction : (mm/min) (mm/min) (mm/min) (mm/min) 
(%) 1 : : 1 1 
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........ ~9..-.~:?. ........... ! .............. X:.t ..... ..t.. . ............. [ ................................. L. .......................... ! ............................ .. 
62.38 ~ 0.8 1 ~ 1 
58.11 2 
....................................... 
60.14 : 2.25 . ~ : 
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Time (min) i CoTech 30 ! CoTech 40 ! CoTech 70 ! C oTech 17 
j D egrees C ! D egrees C ! Degrees C j Degrees C 
i Area ~ Area ~ Area i Area 
! (cm"2) j (cm"2) ! (cm"2) j (cm"2) 
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·_·_·_·_· ___ ·_·_·_·_·) ·_:9.·9 .·.·.···_·_·_··_·_-_T.·.·_·_·_·_·_·_·_-_".49_:_-q_q_· ___ ·_· ___ ·_·_·.r.·.·.· .. ·.·· ... ~.?.: 99 .... -· ... ·.·.·.r.· .... ·.·_·_·_·_·_··_·_·_··_·_·_·_·_·_·_·_·_·_· __ ·_·_· ·_· __ ·_·_r __ ·_·_· __ ·_·_·_·_-_I?.·:-.9_9.····· · 
t~§ ' ~}§§ T ~~~ T T 3)cJO 
... ·.· ....... ·.· ~_: ·g·9 ... · ..·.· ...... j .. · ..·:.··:::.~$ .. 9.9: .. : .. ::. ·:.::::::: .. ::·:::: .. ::.:.::.:.··:.::., .. : ...... :::.:.:.: .. ::: ... ·.:: .. : .... ~ .. :·.:.:::.4.9: . 9.9 .:::: .. : .. . 
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[ (cm"2) ! (cm"2) (cm"2) (cm"2) 
. --·-·:o-·a6···········+· ........................ J . . . .......... ·r ............................... :--............................................. . 
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2.06' ... ......... . .... . ......... . ...... ~ ......... 86-~59 .......... , ....... . 
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Material 
Temp. 
A 
1 
CoTech 
14 degre~s 
B c D E 
..... .T.i .. r:T1.~ ... Mi.D. .......... T..i. r:n.. ~ .... s ~-~- ..... Ar..~.~ .... C:.r:n. _§g.: ...... %. ... f.\.r .. e. Cl ... . ............. ~.0..9 ............ . 
0.00 0.00 0.00 0 .00 0.00 
············································································································ ···················-····· ·········· .... , ................................... . 
... ...... ) .. .99. ..... ............. .J.!3.9. .. .9.9. ....... : .......... }? ... .90. .... ... . ... 1.3 .4 1 ................ ~Q.:.l. .'l . .. . 
. . .... .. . .... . 4:.9.9. ...... ... .. ........ .. .. ~.il.9. .. 9.9. ............. ........ 1 .. 1.?..: 9.9.. ... .. .. ... . ........ .4.4.:9..6. ........................ ~.9. .: .S. .~ ........... . 
5.00 300.00 160.00 61 .30 -0.95 
···· ········································· ·· ··········································-····················· ·· ····· ···································································· 
6.00 ..... .......... 3..6..9.:9.9. .. ....... .. ....... .. .1 . .!7. .. 90 ......... .. ........ ~.!. .. ~.~ ........... '····· ..... ~.~ .. 1} ........ .. 
7.00 420.00 200.00 76.63 -1.45 
································ --· ··································································-···· ······························································· ·················· 
............ 1 .. Q.:9.9. ........... ! .......... 6..9.9.:9.Q ................... ~1 .. ?.:.9.9. ......... : ............ ~?}.~ ........... : ............ ~.1 .:.?..1 ... .. ..... . 
........... .1 .. ?.:9.9. .................... .. ?.2..9.:9.9. .......... · ........... ~.~.?. .. 9.9. ........ : ............ ~.? ... .9.~ ............ , ............ ~. 1 .... ~.9. .......... . 
.. .. .. J.1 .. 99 ...................... ~.1Q.Q9 .... ............. 2..2..?..:9.9. .... ................... 8..6. ..  ?..1. ........................ ~ .1 .: .9. .8 ......... . 
16 .00 960 .00 . 233 .00 89.27 -2 .23 
··· ················ ········ ·· ····· ········ ························-·········· ·· ··········· .... ....... ········· ............. ........................ - .... . 
20.00 : 1200.00 ~ 244.00 93.49 -2.73 
........................... ............................................ ···=-···· .............. ····· ··································. ·····. ····-···· ·~ ·-· .......................... ....... . 
25 .00 1500.00 250.00 95 .79 -3.1 7 
... ... ........ ... ............. .. ....... ..... ............ .. ....... ..... . -··········· .... .. .... . ......... .................. ................... . 
30.00 1800.00 : 255.00 97.70 -3.77 
.......... ... .. ...................... , .. ................................. ...... ..............................•........................................................... .......... ..... 
40.00 
··· ··· ··--··· . ... 
2.49.9. .. 99. ..... 2.?.7-.99 ...... : ..... ..~!3. ..  'l7 ........ , ....... ... ~Ll. : lJ~ .. 
.......................................................................... _ ........................................................................... · ..................................... . 
................................................................... ............................... ..................................................................................... .... 
. . 
Sample No. 
Material 
Temp. 
2 
BiAx 
14 
A B c D E 
___ _ I_i_rT1 ~ ---~- i-~ --- _ . J .ir.n. e .. ~-~- <:: ...... A.r..~ <J ... C::r.n. .. ?.9 ...... %. ... Ar.~.<l ... __ ........ l:.C>.9 ............. . 
............. 9:.S..9 .......................... ?.9:9.9 ............ · ............. ?.?.-.99. ... ...................... ~---~.? ........................... ~.CJ.:.9.~---···· -····· 
··--···- -···· 1_ ,QQ_ ..................... 6Q_,9.9. ...................... 7.?.:.99 ...................... ?.?.,~.?. .......... .. ........... ~ 9. _,}? ........ ··-
---· -----·-··-1 _ _._?.9. ................ ________  9.9..-.9.Q _______ ____ : _____ ___ ___ 1 __ }_ _?_,QQ ______ __________ ___ 44_,~-~-----· · --· · ··--- -- ·----· ~ 9. ... s. .~ ---···· ···-
2.00 . 120.00 170.00 65.13 -1.05 
· ·····-- :···:~·::o.·o.: ·::::·::::: · :·:···:: ·· _;::a.9·:QQ_·:::.::::: : : :·::::··i.~:~::9:9:::::···: : :· :: ::·::.:::~i::;::~::: ::: :: · :::: ·: ::: : :::::~:i.::4:j:::::::: :::· 
··· · ·····-·---~---9.9. ........................ ~-~9.:.9.9. ......... = .......... ?. .S. .~_,QQ _  .......... ......... 9..? ·.??. ........................ ~ -~-'~-? ........... . 
............. ?.:.0..0. ..................... ..3.0.9.:9..0. ............. -···· ?.?.~:09 .... ... ... : .... .. ..... ~-~ :-~.? .... ..................... ~-~:-~. 7 
-··-- -------·9.:.0..9 ................................................... ; .................................................. .0..-.9.9. ........................... 9.:.9.CJ ............ . 
0.00 0.00 0 .00 
. ··-··· · ··· ·· ·······--- ··· 
-.-.---.. -- .. -.. ... .............. .. . . .. . . . . . . . . . . . . . . . . . . ......... .. -~. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . '.......... . ........ - .............. . 
0.00 0 .00 
................ ·· -· ···· · ··· ..... .. .... . ... ···-·· .... 
····· ··-··· ··-···-··· -············· · ································-··············· ·· ,. 
-----···· ········ ··-······· ··-·· -·· ············ ........................... :· .. ··· ······ .............. ·······. ---~----·········· ........... ...... .......................................... . 
. .. . . . .. . . .. . . . . .. . .. . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . ... . . . .. .. . . . . . . . . -~ .......... ................. ... ....... ......... ................... . .... .. 't ... ...... .. . . .. .. . . .. . . . .. . . .. .. . . . 
············ ·················--·-···································--····:······ ························ ·· ····-.-··············--········--···--·····r··················--················ 
: . 
. ..... .............. .... .................. ............. .. ..... .. ............ ..... .... ........ ...................................... ........ .. 
. . 
........................................................ ............. ... ........... ............ ........................ ..................... ........................... ..... .. ............ 
37 
Sample No. 
Material 
Temp. 
3 
CoTech 
24 
A B c D E 
.... .ILrTI.~---~ .. i.!:J .......... .ILrn.~ .... S..t! C: ... ....... Ar.t!.Ci .... C:.f!l .... ?.9 . ......... <}(] .... A r_ ea ........... ..L.9.9 ............. . 
0.00 0.00 0.00 0.00 0.00 
······-··-······························································· ·········································-····--···············-···········-,---······················--·········· 
.... 9 ..  5.9. ...... ············· 1 56.00 ........... 5.9. .. 7.? ........ ······ ... ~ 0:9 .1 __ ..... . 
............. J . .-.9.9. .................................................... -...... ?..1 .. 1..:9.9. ....................... ?..9 ..  ~~---····················- ~J. ... E?. .S. ........... . 
............. ~.:.9.9. ............................................................. ?.?.9.:.9.9 ....................... ~-~:.?.~ ......................... ~- ~ - :.?§ ........... . 
-2031 
··········· ····················- .... 
.. .. . .... ~:.9.9....... .... . ... . .. ....................... OoOoO .. OoO. 0 ... .. ~. :30?0:09.9 .......... : ............ ~.9. ..  9. ~ .. 
... .. ... ...... § .. _QQOOOOOoOO ........... ............................... : ........... 2.~_1 _:9.9. 0 ......... , ........... 9..2. ..  :3.~--- ..... oO 0 .......... . ~ .Z. _o s. .?. .......... . 
.. ...... .1 .. 9.:9.9. .. ...................................... : ... -~_ sg.og _ . ; o ... .. ~-~- :!.900 0 .. 0. -3°_1 ?. ....... . 
.......................................................................... : ...... .. ....... ..................... : ......................................................................... . 
0 0 
··································· ························································································································································ 
37 
Sample No. 
Material 
Temp. 
4 
BiAx 
24 degree.s 
A 8 c D E 
T_irTI_~ __ Mi_t:l ___________ _T_i_ r:n, _~ ___ :;~_c: ____ __ __ f\ r e<:~ . C::_ f!l __ S_g .: .... ~ . . A.r_ ~CI ............... _L_()_9 ........ .. 
----- .. -- .... 9_: .?.Cl.---.... -.... .. .... -.-.... }.?: :9.9. ........... , ........ -- .. 6. .? _._9_ ()_-... ---- .. ----.-.- ... ?:. ~-: _()_ ?. --------- -; ....... -... -~-()_:. ~-9_ ..... -..... . 
... Q ..  ?.Q ·-· ..... : ... .... ..3..CJ.:9Q ..... ... -·-- .. __ _1_ 5..?.:9.9. ......... : ....... _6_()_,_5_4 ........ ; .. --- - -~ () : .~~--
. . 
... ... -.-.. -. .1 . .' 9_ ().---------- .. : -------- .... 6. _() .: 9. _()-........ ....... -..... ?. .?. ?. : () 9. .......... ; .. -... -.. -.. B.?.:~-_6.-----.--· .. ~ ............ ~ .?..: 9..?. .... -.. -- .. 
..... ........ J.:.S..C> .......................... ~.9. :.90. ...................... ?:.?.9.-Q.9. .. ....... ' ............ ~.?.:.?..~- - -· ·-·· ·-- ---------···· ·~-~- :.1 _  7__ _______ ____ _ 
· ·---------- -~- :.CJ.C> ..................... ..l .. ?.CJ.,9.9. ................ ?:~.9. .-.Cl.Q _________ ·-- -----~-~ .. G.?: ................. -? .-.?.§_ ..... ·-
. :·············· ······· ········ ....... ··· -··························:······· .. ······ ·····-··-··-······-·································-······· 
................. .......... · ····-·· ····· ·· -··· ...................... ; ......•............... ................................. ················:········. ················· . 
3 7 
Sample No. 
Material 
Temp. 
5 
CoTech 
24 
A 8 c D E 
...... T.i __ r11 .. !'l .... ~i. r1 ............. T.i_f.l'l ~- -.. ?..E!.<:: ......... A r..E!.~ ... C: 11_1_ .. ?9 .. : ...... '}()_ ... A.r. ~.<! ........ ; _  ............. ~.C>.9 ............ . 
. . .. . . . . . . . . . 9.: .9.9 ............. : ... .. ... .. ... .Cl:. 9. 9. ... .. ........ , ............. 9. :.9.9. ... .. ....... .. ............. Cl :.9. Q ........................... 9.: 9..9 ........... . 
0.20 . . 88.00 33.72 : -0.41 
····· -·· ·· ···· ····· ··· -· ···· ·· ··· ·· ··.················· ······· ··-· ·- ················ --· ··-- -- ---··· ····-- --····· ·:· ·· ··· ····· ·· ·· · ······· ·· ·········· · ·········· ··· · ·· · · · ·· ·· ·· ·· ·· · 
............. .9 ..  ?9. ............. , .. .............................................. 1 ..~.?.:9.9. .......... ~ - - - ········ -~-3. ..  ~ .8. ........... , ............ ::.1 _ _._Q_? ......... . . 
1.00 216.00 82.76 -1 .76 
··········································-··································································-·······································•·· ························ -········· 
1.50 220.00 : 84.29 -1 .8 5 
·········· ·· ·································· ······· ··- ··-· · ·· · · ··· ·· ···· · -· ·· ·-··· -···· -·· ···· -······· ························· ·· ········································ ····· ·· 
.............. ? ..  9.9. ............................................................. ?.?.~.:9.9 ......... ) ............. 8.~ ..  ?.9. ........... ........... ~ .. ? ..  9..1 ............ . 
............ } :9.9 ............................................ , ....... .. ~}9.:99. ....... 1.. . ..... ~1 .: ?.? ............... ~~ : Ll.!. .. 
········ ····························:························ .. · ····· ·····.-········ ·· .. ··· · ·· ·· ······--·· · ··· " • '' " ' ' '"''"' " '''"''""''''''"''''''''''''''''''''' " '"''"''"'"' " "''''''"' 
........... .. ................................... .......................... ................... . .......... ..... .................................... , 
. . 
37 
Sample No. 
Material 
Temp. 
6 
BiAx 
25 degre~_s 
. ,-..~ - -
A 8 c D E 
Ti .. rT1.~ .. -~..ill .......... .. :f..if.Tl~ ... s..~.<: ... .. , ... Ar..~.<l ... C:.r:n. - -~-9 ... : ........ %. ... 1\..r.~ <1 .................. __ -~()_9 ..... . 
0.17 : 10.00 98.00 37.55 -0.47 
_-_-_---_-_-_- - -_-_-_-_o._:_-~_-_3.·_-_-_-_-_-_-_-_-_-_-_-_-x_·_--__ -_--_- __ -_z.-_o._:·Q ·a.··.-.. -.- ·~----.r.·_-_-_-_-_- --.-_,_-.?a..~-9-a.· __ -_-_-__ -_-__ ·:·_-_-_-_-__ -_--_-_ -.6.·.~-_:_-_;··_i_--_-_-_-_--_-_-_·:_·_-_-_-_--_-_-_·_ ~-_,_-_:_·Q·_~--------_--___ -_-. 
0.83 50.00 : 235 .00 90.04 -2 .31 
·_· __ ·_··_·_·_·_·_·_-_ i':·.~-.9_-_-_-_·_·_·_·_·_·_-_-_·_·~---·_·_·_·_·_·_·_- · -_·~.9.·;_9_() __ ·_·_·_· ___ ···_-_(_._._._·_·_·_·_·_ ·i_'~--~-:.9.9_'_·_· ___ ····_·!·_· ___ -__-__ ·_·_·~--~-:.o..~.---_-__ ·_··_· __ ·_·_:· _ _-_--_-__ ·_·_· __ -_~_-~_-:_~--~-----·_··_·_·_·_·_·_· 
3.00 180.00 260.00 99 .62 -5 .56 
···-- ·--- --- -- ----- --· ... ... . . ------ --- --- ----·· ··· ···· ···· · ·· · ······· ····················· ............................ ............. . 
. . ........ .... ······················l····· ............... -· .. · ·· ·-·· ·· ··· -~- -- -·-··-······ .................... --~- ................................ ···+········ ........................... . 
...... ..-.......... ............................. -... . ... . . .... -~-... --.................. ······-· .. t -······.-............... ···-...... - ~ ................................... . 
······························--·····: ······----·····--··················-:·-··· ·· --· ······----····--···········:------·---···················--··--·· :·····················--·············· 
. . 
.................................... .. ............................. .. .. ; .. . ............. .. .. ..... ... ... ..... : ............... .. ...... .... ....... ... ; ...... . ............... ....... ....... . 
..................................................... ..................... : ..................................... :-···--·······-- ···········--·········:·· --·····--···· ··· ··· ··· ·· ······· --·· 
... .............................. .. ..................... .... : ........ ......... .... .. .. .. ........ . ; .................................. : .. .... ........ . ........ ......... . 
: : . 
. .. . .. . . .. . -.... ............ .... -~ ...... .. ...... .. ... .. ............. ; ... ... ... -.. .... .. .. . . . ... .. . ... .. . .. .. ... . ..... ... ... . ... .. .. ....... ;_ ........... .. ... ...... ... .... ... .. . 
.. .. .. . ... .. .. . ... ........ ...... .. ~- .... .. ........................... --~ .. ... .. ....... ........ ... .. . .. .. . ....... -............ ........ ......... ·;..... ... . .. . .. . . . . . . . .... .. .... . 
.................................. . ............ . . . .. . .. . . . . .. . ............ ! ... ....... ................................ ................. . . ...... .. . .... . ;··--···--·· ·· ·······--···--·· ·--···--
............ _ ....... ................ .... .... ...... :·--······ ··--····--··· ········· --···· 
37 
Sample No. 
Material 
Temp. 
7 
CoTech 
26 degre~s 
. ,........_ --
A B c D E 
...... J.i .. ".'l.t! . .J~ i.f.l .......... .T.i ~e. --~-~. C: ...... . Ar.~.a. ~ r.n. . ~ q ....... %. .... A..r .. e. .~ ..... ; ....... Log_ . 
0.00 0.00 0.00 0.00 0.00 
................................................................................................................................................ , ................................. . 
0 .. ?.9 .......... : ......... . 1_45:99 ............... ~.5.: .5 .6. .. . . ... .. -0.81 
.......... . ..1. .. 9.9 ...................................................... L6..~.:99 ...................... ~.4 .. .7..5. ........................ ~ .1.:.9.4 ....... . 
............. ~.:.0..9 ......... _ ...................................... .......... .l.~.? . .-.9.9 .. ···'······ .... .?.~:.?..~ ............. ; ........... ~.1 .. J .?. ......... .. 
. .. ....... ~. :.0.9 ........... ,.. ...... .. .. . ....... , ....... ~. 1.?.-.9.9 ...... ; .......... ~. 1.:.?.~ ............ , ............ ~ LE>.!. .. . . 
.............. S. .. .9.9 .................................................. : ........... ?..?..6..:99 .......... '............ 8. .6..: .5.~ ........................ ~ .?. ..  9J ............ . 
...... .... ?.:().9. .............. .. ....... ................. ··•·· ... ~-~9.-.Q.Q .................. ~ .. 1.:.9.? ..................... ~~ ._5 ? ......... . 
. . 
............. ~.: .9.9 ............. : ................................................ ~.1-~ ...  9.9. ......... : ............ ~-~-=-~.?. ......................... :.~.:.?..~---·· ·· · ··· 
.......... ..11 .-.9.9. ........... ~. ..... .. . ......................... z.~ 1 ..:9.0. ................ _9_6.:.1.? .................... ~ .:?. .: z 6. .. 
37 
Sample No. 
Material 
8 
BiAx 
Te~E:_ 29 degree._s 
A B c D E 
.. Ti .rrl.e. .. ~..i.ll ............ :f.i .. l!l.~ .s. .~ <::.. . .. f\r. .~.<3 C:.'!'. _S._q __ : ..... 'K.> .... f\.r..e..a.. ........ . . .. ~Cl 9 ....... .. . 
. . . . ... . ... . . Q: _,_.?.. ......................... 1 ..9.: .9.Q ...................... ~- } .. 1.:.CJ.9 ........ .. :· ........... f3.9.: .?. '7 ............ , ............ ~.1 . : ~-? ........... . 
HO 0 00 9 ~ ?.9000000 0000000000 00 00 00 .3..CJ.~Q90 0 00 Oo OoO 0 0000000?.3. .~.:9.9. 0000 00 .: 0000000 000~01..:.1..~ ........ .............. ~?/~.3.0 00 000 0 0 000 
.............. 1 ...  QQ ............ · ............ ?9..~Q9. .... ....... : ........... ?.S..Cl.:ClCl ....................... ~.S. ..  7. .~ ........................ ~~ ..  .1 . .? ........... . 
. . 
2.00 120.00 260.00 99.62 -5.56 
.................. ....... ........................................... .............. .......................................... .. ............................................................ 
0.00 . . .... ·•·· .......... ............ .. ......................... : ............. .9 .. 9.9. ................. ........ 9:.Cl.Cl ...... ..... . 
............. 9. .  9.Q ................. .. .................................................................................. 9 :9..9 ........................... .CJ ... 9.0 
0.00 0.00 0.00 
. ·········-··-········· ···················· ....... ········· 
··- ··············· · · ··· ··-······ .. !·· · · ······ · ········ ·· ·· · · · · ··· · · ··· 
............. 9.:.Cl.Cl ............. : .......................................................................... , ............. 9. ..  9.9. ........................... 9.:.Cl.9 ............. . 
···· ·································· ·· ················-······· ··········.····················· ·· ························ ····························-···································· 
. . 
................. ····-····· .. ·:·--····--·-·--· . ................ i ................................ ; ...... ......................................................... .. 
................................. ..... .......................... ............ .. ........ _ ............ .. ....................................................................... ............ . 
. . 
.. -·-.................... -....... -.-.. -................................... ~----.... -··· ........... -.--....... ···r ................................................. -----................... . 
. . 
....................... " ....... ..................................................... _ .............................. .................................... .. 
. . 
37 
Sample No. 
Material 
Temp. 
5 
CoTech 
14 degrees 
': ' ~~; ·~ j ~~~~;~c : fl~~~~:;'s~ J ~Q;;;~ T 6-~~ 
............ 3..~9.9. ............ : .......... .UW . .Q.9 ......... j.. .......... ~ .. ~ .. .9.9 .......... : ........... .1. .3..~~ -1 ............ ~· · · ......... ~.9.:.1 .. 4 .......... . 
4.00 . 240.00 : 11 5.00 : 44.06 j -0.58 
............. 5.:aa ............ : ........ 3.aa._.a.a· · ·· T ..... , .. 6·6:aa ...... T ......... 6;· :3a .......... T .......... _a_.9.5 ....... · 
::::·: :: ·:: : :~:9:9: ::.·.: ·:····I :::::::::~ :~:9::9.:o.::::::::::[:::::: :·::j:ii:.-9:9:: · :::::r::·::··:::~I.;:~:i:::::::::·::r:·::::::::··~:, · :·j:j ·:::::: .. ::: 
7.00 : 420.00 ; 200.00 : 76.63 : -1.45 
.................•.......•.......... ·: .................................... !• .................................. ··: .......•.........••............••... ~-................................... . 
10.00 : 600.00 j 215.00 : 82.38 . -1.74 
}f~~ 1 ;~~,~~ ' T HH~ I_: .. : .....:._:._:_ ...... ~.:-.:·.:_: __ :·.:_:~_2_:._:·.!_:_: .. :._: __ :._: __ : __ : __ : ..... :._: __ :··1,·.·.:·_:._:._: .............. :_: .. . : . ~.:·.i_: _ : __ ._··.~.: .. : . ~.:._._:._:._: ....  :_:._: __ : _ : __ : __ : _ : 
............ 1.§ ..  9.9. ...................... ~.§9. .. .9.9. ......... r······· .. 2..3..3. ... 9.9 .......... :. 
20.00 j 1200.00 : 244.00 ; 93.49 : -2.73 
······························· ·····y··············-················· ·· ··r················ ····-------------···1······· ······················· ···· ···:···················-··············· ·-
............ ?.? ..  9.9 .......... : ......... 1..5..9.9. .. 99 ........ ~ ......... 2..5..9. .. 9.9 .......... : ............ 9..?.~!.9. .......... ! ............ ~ .3..~.1..?.. ......... . 
30.00 j 1800.00 : 255.00 . 97.70 : -3.77 
............ 4a:·a·c;···········:·· .. ····2·4·a·a·:aa· .. ·····r .......... 2.5·7·:aa··········, .. ·······:··9·a·.'47···········r········· .. ~·4·~·; .. 8· .. ···· .... . 
==================-A~· ppendix 3 
Resin rhe0iogy data. 
Viscosity vs Temperature for a 5052 Resin System 
Viscosity (Pas) 
1.2 .-------------- -------------,,.....-, 
1 -------------------------------------------------------------- - ----------
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Viscosity vs Shear Rate for a 5052 Resin System 
o ~------~--------~------~--------~------~ 
0 10 20 30 40 50 
Shear Rate (sec"' -1) 
Time Viscosity Viscosity Viscosity Viscosity 
(secs) 30°C 20°C 40°C 50°C 
l 7. 11 17.47 3.737 2.754 
2 7.103 17.51 3.694 2.727 
3 7 .105 17.54 3.679 2.739 
4 7 .114 17.53 3.718 2.743 
5 7.111 17.54 3.7 2.762 
6 7.09 17.53 3.673 2.777 
7 7. 102 17.54 3.717 2.797 
8 7 .105 17.49 3.72 2.816 
9 7.079 17.5 3.707 2.805 
10 7.102 17.52 3.73 2.839 
11 7.118 17.5 3.784 2.862 
12 7.118 17.46 3.753 2.868 
13 7.142 17.47 3.776 2.87 1 
14 7.194 17.49 3.8 15 2.86 
15 7.23 1 17.46 3.795 2.856 
16 7.267 17.5 3.78 2.839 
17 7.236 17.52 3.753 2.854 
18 7.257 17.53 3.756 2.873 
19 7.266 17.57 3.763 2.879 
20 7.232 17.6 3.746 2.889 
21 7.239 17.59 3.757 2.908 
22 7.234 17.58 3.796 2.937 
23 7.234 17.6 3.8 2.943 
24 7.194 17.62 3.82 2.94 
25 7.212 17.67 3.838 2.959 
26 7.222 17.64 3.842 2.961 
27 7.23 1 17.61 3.851 2.95 
28 7.247 17.62 3.825 2.963 
29 7.25 1 17.6 3.823 2.953 
30 7.273 17.6 3.856 2.967 
31 7.276 17.63 3.823 2.953 
32 7.262 17.67 3.795 2.973 
33 7.279 17.67 3.839 3.007 
34 7 .286 17.67 3.82 3.026 
35 7.257 17.67 3.832 3.04 1 
36 7.246 17.67 3.875 3.062 
37 7.267 17.64 3.913 3.077 
38 7.242 17.63 3.9 3.084 
39 7.262 17.63 3.878 3.074 
40 7.266 17.63 3.893 3.105 
4 1 7.257 17.65 3.927 3.11 
42 7.286 17.68 3.906 3.111 
43 7.286 17.69 3.875 3.094 
44 7.313 17.71 3.93 3.094 
45 7.332 17.77 3.938 3.095 
46 7.3 1 17.82 3.907 3.111 
47 7.334 17.83 3.879 3.124 
48 7.337 17.83 3.885 3. 124 
49 7.318 17.76 3.929 3.16 
50 7.346 17.73 3.928 3. 15 
51 7.366 17.71 3.928 3. 168 
52 7.335 17.71 3.981 3.192 
53 7.335 17.72 4.006 3.198 
54 7.315 17.74 3.98 3.232 
55 7.34 17.75 3.964 3.221 
.. 56 - 7.351 17.77 4.01 3.218 
57 7 .356 17.8 3.997 3.23 
58 7.38 17.82 3.994 3.277 
59 7 .411 17.8 3.966 3.287 
60 7.462 17.83 3.977 3.307 
Time Viscosity Viscosity Viscosity Viscosity 
(secs) 30°C 20°C 40°C 50°C 
61 7.48 17.81 3.996 3.283 
62 7.487 17.77 3.99 3.28 
63 7.505 17.81 3.986 3.283 
64 7.45 17.85 4.003 3.279 
65 7.466 17.89 4.029 3.283 
66 7.454 17.85 4.068 3.297 
67 7.461 17.87 4.06 3.298 
68 7.431 17.85 '4.034 3.327 
69 7.422 17.86 4.072 3.363 
70 7.452 17.89 4.115 3.41 
71 7.452 17.91 4.08 3.428 
72 7.464 17.89 4.031 3.418 
73 7.47 17.9 4.074 3.45 
74 7.484 17.9 1 4.104 3.444 
75 7.489 17.88 4.077 3.446 
76 7.478 17.9 4.052 3.429 
77 7.498 17.88 4.031 3.42 
78 7.486 17.86 4.073 3.45 
79 7.47 17.89 4.134 3.481 
80 7.518 17.92 4.134 3.466 
81 7.525 17.91 4.108 3.463 
82 7.512 17.95 4.125 3.472 
83 7.478 18.01 4.142 3.474 
84 7.48 18.06 4.181 3.486 
85 7.521 18.06 4.176 3.517 
86 7.509 18.07 4.115 3.513 
87 7.527 18.04 4.137 3.528 
88 7.529 18.01 4.185 3.607 
89 7.581 18.01 4.181 3.632 
90 7.637 17.95 4.128 3.62 
91 7.648 17.97 4 .1 17 3.637 
92 7.655 17.98 4.149 3.641 
93 7.663 17.99 4.179 3.65 
94 7.622 18 4.163 3.646 
95 7.629 18.06 4.196 3.615 
.. 96 7.616 18.05 4.239 3.626 
97 7.607 18.04 4.282 3.656 
98 7.59 18.06 4.236 3.686 
99 7.592 18.07 4.239 3.693 
100 7.601 18.08 4.266 3.693 
101 7.6 18.05 4.275 3.683 
102 7.613 18.07 4.276 3.703 
103 7.646 18.04 4.243 3.716 
104 7.638 18.02 4.225 3.718 
105 7.665 18.05 4.232 3.721 
106 7.657 18.15 4.272 3.769 
107 7.695 18.18 4.287 3.824 
108 7.681 18.17 4.252 3.842 
109 7.674 18.18 4.264 3.824 
110 7.661 18.17 4.295 3.83 
111 7.74 18.15 4.334 3.862 
112 7.729 18.14 4 .365 3.896 
113 7.734 18.17 4.318 3.877 
114 7.712 18.14 4.333 3.845 
115 7.708 18.15 4.365 3.854 
.. 116 7.721 18.14 4 .383 3.908 
117 7.738 18.1 4 .332 3.926 
118 7.74 18.12 4.329 3.898 
119 . 7.769 18.15 4.353 3.888 
120 7.773 18.17 4.377 3.896 
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Viscosity of Ampreg 20 vs Time 
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Resin manufacturers dlata. 
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• FEATURES 
• INTRODUCTION 
• TECHNICAL DATA 
UKAMP REG20-4-393-1 
SP Ampreg 20™ 
High performance epoxy. laminating system 
• Good mechanical properties 
• DDM (MDA) and Phenol-free 
• Low viscosity 
• Good water and weathering resistance 
• Generous working times 
• Good HOT 
• Useable with Ampreg UltraS low Hardener 
MONTECA TIN I 
AD V ANCED 
MATERIAL S 
Ampreg 20 is one of the new generation of wet lay-up laminating resins designed by SP 
Systems. lt characterises the latest developments in epoxy chemistry and as a primary 
feature of this advance in technology, Ampreg 20 is formulated without DDM !MDAJ or phenol. 
These significant improvements in the health and safety aspects have been achieved without 
detrimental effects to the mechanical properties. 
The Ampreg 20 laminating system has been developed specifically for the manufacture of 
high strength, lightweight composites with glass, aramid or carbon fibres by wet lay-up 
techniq~.;es. 
The low initial viscosity also allows laminates to be produced by contact pressure. vacuum or 
pressure bag techniques, filament winding, or vacuum assisted resin injection. Thorough 
wetting of reinforcement fibres is ensured by the low viscosity and excellent air release 
properties of the resin/hardener mixture. This, in particular, assists with the impregnation of 
aramid and carbon fibres. 
Ampreg 20 exhibits good mechanical properties with an ambient temperature cure. However 
a post cure can be utilised to produce optimum properties from the resin system . 
SP Ampreg 20 resin is combined with SP Ampreg 20 fast, standard or slow hardeners in the 
following ratio : 
Resin Hardener 
4 1 (by weight) 
100 29 (volume) 
• PHYSICAL 
PROPERTIES 
• AMPREG PREGEL 
• VACUUM BAG 
INSULATION AND 
TECHNIQUES 
• BONDING 
TECHNIQUES AND 
CORE MATERIALS 
UK.WPRE~·393-2 
VIscosity Mild Gal Time Lam. Warilng I 
Viscosity 150.t25°C Time@ 2!JOC 
Resin 1240 cps - -
Slow Hardener 70 cps 380 cps 200 min 5 -7 hours 
Standard Hardener 400 cps 800 cps 40 min 1.5 hours 
Fast Hardener 2000 cps ' 1500 cps 15 min 0.5 hours 
Ampreg Pregel is a thixotropic resin modifier that can be used with Ampreg 20 hardeners. lt 
must be mixed with the chosen Ampreg 20 hardener at a ratio of 100:25 by weight. it can be 
used in the following situations: 
• As a resin modifier to reduce drainage in laminates. 
• As an adhesive mix for bonding core materials to Ampreg 20 laminate skins. 
• For the secondary bonding of preformed Ampreg 20 laminate components. 
For more information, please see the separate data sheet. 
Consolidation of the laminate can be obtained either by hand using paddle rollers or by 
vacuum or pressure bags. A typical vacuum bag arrangement is shown in figure 1. Due to the 
reduced volatile content, high vacuums may be used. However, as with all wet lay-up sys-
tems, extreme vacuums may remove system components before gelation. Heating can be 
economically and effectively achieved with either space heaters under an insulation tent or 
heated blankets with insulation over. Details of the various types of system are available from 
SP Systams Technical Services. 
To Vacuum Pump To Vacuum Gauge 
t • Breather/Absorption I Fabric 
Laminate 
Figure 1 
Where it is necessary for a bonding operation to be carried out following the cure of the 
Ampreg 20 laminate, Peel Ply (DPl 001 can be applied to the surface to be bonded during the 
lay-up process. After curing and just prior to bonding, the Peel Ply is stripped off leaving a 
clean, dust and grease-free, textured surface which does not need preparation before 
bonding. 
Various core materials can be used with the Ampreg 20 system, including PVC and other 
foams, honeycombs and en~grain balsa as well as more specialised cores. Contact SP 
Systems Technical Services for further information. 
• CURING 
SCHEDULE 
• AMPREG UlTRA-
SLOW HARDENER 
UKAMPRE~·J93.3 
Ambient Temperature Cure - Ampreg 20 has been developed to return good mechanical 
properties after cure at ambient temperatures. the minimum recommended temperature 
being 18°C, and excellent properties after a slightly elevated temperature post<ure. 
An initial cure of at least 48 hours (with slow hardener) or 16 hours (with fast hardener) at 
l8°C is recommended before de;no~lding . Laminates subjected to an ambient temperature 
cure should be allowed 14 days before the system can be considered to be adequarely cured 
and should be kept in a warm dry environment during this period. When using the slow 
hardener exclusively, an elevated temperature cure is strongly recommended. 
Elevated Temperature Cure- Post curing the laminate will greatly increase mechanical 
properties as shown in Table 1 (see Technical Datal. The Ampreg 20 system will achieve 
similar properties with a cure of either 5 hours at 80°C or 16 hours at 45-50°C but as the 
table shows, the cure has been optimised for 45-50°C. The latter temperatures are easily 
achievable with low cost heating and insulation techniques. The table below shows that these 
cure cycles improve the properties by up to 60%. There is a considerable increase in glass 
transition temperature and toughness of the system, with the elongation at break increasing 
to approximately 6.5%. The post cure need not be carried out immediately after laminating 
and it is possible to assemble several composite components and post cure the entire 
assembly together. lt is recommended, however, that elevated temperature curing should be 
completed before any painting/finishing operations. Furthermore care should be taken to 
adequately support the laminate if it is to be post cured after demoulding and the laminate 
must be allowed to cool before the support is removed. 
Flemral Tensile 
System Cure Schema Strength Modulus Strength Modulus Elongation HOT 
MPI GPI MPI GP a to Break (oC) 
Resin/Slow 5 hrs@ eooc 147 3.0 77 3.1 >5% 80 
Hardener 16 hrs @ sooc 156 3.4 82 3.3 >5% 71 
4 wks@ RT 112 3.6 58 3.5 2.6% 51 
Resin/Std 5 hrs@ eooc 159 I 3.5 80 3.3 I >So/o 78 Hardener 16 hrs @50°C 167 I 3.5 as 3.3 S.Oo/o 71 4 wks@ RT 126 3.7 71 3.5 I 2.9% 51 i 
A separate data sheet for Ampreg UltraSiow Hardener is available. 
This hardener is intended for the manufacture of extremely large structures, and gives an 
extended working time (10.12 hours). lt is used at a different mix ratio (100:30 by weighU 
than the other Ampreg 20 hardeners and deta1ls of the post<ure schedules required are 
given in the separate data sheet available for this product 
• HEALTH & SAFETY The following points must be considered: 
• TRANSPORT AND 
SOTRAGE 
Struaural Polym.,. Sysums Limited 
Love Lane, eo-• 
Isle o( W\tht POl I 7EU 
UniUd Klntdom 
Tok (Ofll) lfi4SI 
F&la (Otll) l914Sl 
1. Skin contact must be avoided by wearing disposable rubber gloves. The use of barrier 
creams is also recommended. 
2. Care must be taken to avoid the risk of splashing resin or hardener into eyes. If this 
occurs the eye should be immediately well flushed with water for 15 minutes and medical 
advice sought. 
3. The inhalation of sanding dust should be avoided and, in particular, care should be taken 
not to rub the eye area when exposed to sanding dust After any sanding operation of 
reasonable size a shower or bath should be taken and should include hair washing. 
4. Overalls or other protective clothing should be worn when laminating or sanding. Contam~ 
nated work clothes should be thoroughly cleaned before re-use. 
5. Any areas of skin coming into contact with resin and hardener must be thoroughly 
cleansed. This should be achieved by the use of resin removing creams and washing with 
soap and water. Solvents should not be used on the skin. 
This cleaning should be routine: 
• before eating or drinking 
• before smoking 
• before using the lavatory 
• after finishing work 
6. Ensure ade~ate ventilation and avoid excessive contact with solvent vapours which may 
cause dizziness and headaches. 
The resin and hardeners should be kept in securely closed containers during transport and 
storage. Any accidental spillage should be soaked up with sand, sawdust, cotton waste or 
any other absorbent material. The area should then be washed clean (see appropriate Safety 
Data Sheet). 
Adequate long term storage conditions for both materials will result in shelf lives of 2 years 
or more for the resin and 1 year for the hardeners. Ideally, storage should be in a warm dry 
place out of direct sunlight and protected from frost The temperature should be between 
l5°C and 30°C. Containers should be fifmly closed. Hardeners, in particular, will suffer 
serious degradation if left exposed to air. Providing the above storage conditions are met this 
resin and its fast and slow hardeners have a guaranteed shelf life of one year. 
A fuJJ material safety data sheet (MSDS) covering usage, transport, storage and 
emergencies, is available upon request 
The policy of SP SystamS is OM ol continual dewlopnonc and i~nmenc. Thorofot'll the richt is resorted co alter specifoations and prices without prior notice.. All 
information Cont:llnod horWn is bued on results pirMd from uperienco and teSU and is believed co be ro~ablo but unless SP Sysums hu fiwn the user writtan 
conflf'1Ntion ol produa suitability in aa:ordlnca with ia Conditio,. of Sale (copies of which uo anillblo on request) che company annot acapc 111y liabiUty rerardinr 
the suiabilicy oluse of MY produa for any ponicubr purpooa. 
SP Systams is a tndo maril ol Strutwnl Polymer Sysum~ L.irnilltd 
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LY 5052 
HY 5052 
Co ld a:"ld , .. ~ ==~; lamina tin; ayatem vith low ~coaity, aolvent 
free for t~~ - ~~::ion of advance~ Iibra reinf - =•~ atructure•. 
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PROCESSING 
FE~TUR£S 
Glidara I Aiq: ~ ·coe parts 
loat building 
Car bodiea ant! :::::USela;es 
aporta equipmee --
••pairin; etc. 
%n~ection C••·c:~a"a•, preaaure> 
- Hand lay-up 
.. ·. 
··:.r-: ... .; 
lfinc!iD; 
Prtaaure •oul~·~ 
Excellent ••~ 'ical and 
dynamic atre~ 
Well aulted •• _..tr1x ay1tem tor 
all current r~~orcement fibres 
Hi;h temperat~-=- resistance 
after poa t cur:: -:-;y 
Faat an~ comp~~e impregnation 
of reinforcin~ ~teriala 
Easy hancU1n; 
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PRODUCT D~T'A- ·--
£RA~DITE LY 5052 
Viscosity at 25•c 
~poxy content 
Flash point (DIN 51758) 
Specific gravity 
Colour (Gardner> 
Aa-aupplie~ form 
Shelf life 
BA!tDtNtR BY 5052 
Viaeosity at 2s•c 
Flash point (DIN 51758) 
Specific ;ravity 
Colour (Ciardner) 
Arnine content 
As-sup~lied form 
Shelf life 
S"I'ORAGE 
- 2 -
IIPI a 
•c;u1v/kfJ 
•c . 
;l,cml 
~r~Pa a 
•c 
;/cml 
equiv/k; 
1'000 - 1'500 
6.7- '·' 140 
~.16 - 1.18 
2 
clear, liquid 
l yaar 
40 - 60 
110 
0.13 - 0.15 
4 
5.6 - 1.8 
clear. liquid 
l year 
The product described in thia publication ahould be ator~ in 
their ori;inal, aealed container•, in a dry place at 11·2S•c. 
They will then have the ahelf life &hovn above. Partly emplied 
containers shoul~ be cloatd im~e~iataly after uae. 
Resin ~hieh haa turned clo~y, i.e. cryatalli&ed in atora;e can 
be reliq~ified and restored to ita original conditions by 
heatin; · to 60-BO'C. 
PROCESSING PROPERTIES PRIOR ~ CURE 
Mix ratio 
A~AL~l~t LY 5052 
Hardener M~ SOS2 
p.b.w. 
p.b.v. 
lOO t 1.0 
38 t ·O.S 
- 3 -
:nitial viscosity (Hoeppl~r) 
~ossible cure 
mE>a s 
mPa s 
600 - 700 
200 - 250 
rhe followin9, ~ifferent cure cycles are normally used: 
7 ~ at room temperature (2J•c) 
lS h at so •c 
8 h at eo•c 
Pot life 
recam (lOO g) 
at room temperature (23•c) 
at 4o•c 
Isothermal, 15 9 
at 2s•c - time to 1'500 mPa s 
- time to 3'000 mPa s 
at 4o•c - time to 1'500 mPa s 
- time to 3'000 mPa s 
Gel time 
at 4o•c 
at 6o•c 
at ao·c 
at 1oo·c 
at 12o•c 
m in 
m in 
m in 
m in 
~nin 
m in 
220 
45 
260 
55 
so 60 
90 - 110 
<60 - 45 
so 60 
min 150 - 170 
min 45 55 
min 13 - 17 
min S - 6 
~in 2 - 3 
PROPERTIES OF THE CURED. UNRE:INFORCED SYSTEM 
Deflection temperature 
Cur~ Glass transition tempereture 
(Hettler TMA) 
1 d at 23·c •c so 52 
7 d at 23•c •c 60 - 62 
- 4 -
::ure 
. ......... ._ .. -~ 
10 h at 4o•c 
20 h at 40•c 
10 h at so·c 
15 h at so•c 
10 h at 6o•c 
lS h at 6o•c 
2 h at so •c 
B h at ao·c 
l h at go•c 
4 h at 9o•c 
l h at lOO•c 
4 h at 1oo·c 
Tensile test (ISO / R 527) 
Cure 
Tens i le strength 
Elongation at break 
Elastic Modulus 
N/mm2 
% 
N/mm2 
Glass transition temperature 
(Mettler TMA} 
•c 
•c 
•c 
•c 
·c 
•c 
•c 
•c 
•c 
•c 
•c 
•c 
49 - 71 
1.5 - 2.5 
3'350 - 3'550 
68 - 72 
72 - 76 
78 - 82 
81 - 85 
92 - 96 
94 - 98 
106 
105 
104 
112 
116 
123 
- 110 
- 130 
- 108 
- 116 
- 120 
- 127 
75 - 88 
4.0 - 8.0 
2'900 - 3'100 
Water absorption (ISO I R 62, ISO I R 1117) 
Cure 
4 d in H2o; 23•c % 
10 d in H20/ 23~C % 
30 min in H20/10o•c % 
60 min in H20/lOo•c % 
0.45 o.so 
o. 1o· o .eo 
0.55 0.60 
0.70 0.80 
Coefficient of linear thermal expansion 
a h I eo·c 
o.co 0.45 
0.65 0.70 
0.45 o.so 
0.60 0. 70 
(VD£ 0304, part l) 
Cure limits of vali4ity Coeff. cf linear expansion 
7 d 
15 h 
8 h 
20 - so·c 
20 - go•c 
20 - 12o•c 
97 • 1o-6 
11 • 1o-6 
71 10-6 
.. 
- 5 -
STRESS-STRAIN - Oiaqramme 
(ISO I R 527, unreinforced ayatem) 
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1ROP£RTIES or THE CURED, REINFORCED SYSTEM 
:nterlaminar ahear strength (ASTM-0 2344) 
iample: Thickness 3.2 ~m 
Reinforcement 12 layers fabric IG 92146 (Inter;las) 
;ure 
~ibre content 
tf ter cur inQ 
1f ter lh H2o /lOO •c 
% b.w. 
N/rnm2 
Nlmrn2 
74 - 78 
55 61 
53 - 61 
rensile-, Compressive-, Torsional-strength 
'etermination: CIBA-GEIGY TCT 
(TCT) 
e h 1 eo ·c 
74 - 78 
60 65 
56 - 62 
rhis CIBA-GEIGY test method is explained in the brochure 'An 
explanation of the mechanical an~ processing data 9iven in in-
struction sheets• (Publ.No. 24801/e). The test reaulta are basic 
valu~s for calculations usin; the multilayer-theory by Prof. Puck. 
Rowing 
Fibre content 
OCF 859 - 885 Tex 
60 % - b.vol 
Transverse tensile teat 
Cure 7 c5 1 23 •.c 
Transver se tensile Nl~nm2 29.0 - 34.0 
strength ~1.8 
Elongation at break l.LtB % 0.23 - 0.27 
Elastic modulus EJl N/mm2 12'000 - 13'000 
Torsional load test 
Cure 7 d 1 2J•c 
Shear strength rv-.a N/mm2 52.0 - 56.0 
Shear angle t•B ~ s - 7 
Shear modulus 6• N/mm2 4'500 - 5'000 
15 h I so•c 
29.0 - 50.0 
0.23 .. 0. 39 
12'000 - 13'000 
15 h I so·c 
57.0 - 69.0 
4 
- 6 
4'250 - 4. 750 
- 8 -
Transverse compression test 
Cure 
Transverse compressive 
strength o-.c~s 
tlon9ation at break !J.d& 
£lastic modulus E~ 
INDUSTRIAL HYGIENE 
N/mm2 
% 
N/mm2 
102.0 - 120.0 
1.0 - 1.4 
13'000- 15'000 
1s h 1 so·c 
119.0 - 129.0 
1.4 - 1.6 
13'000 - 14'000 
Epoxy resins ~nd hardeners are chemicals. All mandated and re-
commended industrial hygiene procedures should be followed wh£n-
ever they are being handled. For details, please conault 
'Hygienic precautions for handlin9 plastics products of CIBA-
GEIGY' (Publication No. 24264/e). 
SUPPLEMENTARY LITERATURE 
Details cf the tests referred to in this Instruction Sheet will 
be found in Araldite Laminating Resin Syatema - 'An Explanation 
of the Hechenical and Processin9 Data . Given in Instruction Sheets' 
(Publication No. 24801/e). 
The commonly used methods of processin; laminating resins are 
described in 'The Structure and Proceaain; of Fibre-reinforce4 
Plastics'. 
These publications will be 9ladly supplied on request. 
CI~A-G£IGY 
eReQistered trademark 
The information given in this publication is base~ on the preaent 
state of our knowled~e but any conclusions an~ recommendations are 
made without liability on our part. Buyers and user• should make 
their own assessment of our products under their own conditions 
and for their own requirements. 
March 1988 /sl 
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Temperature plots. 
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=======================-~Appendix 5 
-Composite materials property dlata. 
1 YtJ•~• r 1 UtJ~I 11~ u 1 ~urn~ 
CotMposite Mateials 
Continuous fibre reinforced compos ite matenals have now a good 
track record for enabllr.astlff low weight and stronq eng1neenng 
components to be built. 
A major difference e)(ISts between composites and metals. the 
composite has a vanety of properties t hat are er.a1neered to sutt 
the applicatiOn. the constituent parts of the composite are put 
together ai the same tme as the component IS fabnca-ted. Aslt 
can be seen from the table the fibre properties on there own are 
impressive. but these need to be combined w1th the resin properties 
to obtain the overall value. The end result follows a ruk: of mixtures. 
it can be seen from the table, that vanous composites compare 
modestly aga1st metals. however when compared on a weight for 
we~ht basiS. the advantage lle5 heav1lly with the composite. 
I Densi ty glee I 
0 2 4 6 8 10 
.. ~_{l_t;t;_rla_l ; .. S.P..~-~ifl<: .. <?.r.a.I:'.IJY. ] .... Y.9. .~.n.e'.?. .. M9.~_u_l ~?. .... j .. Tc:.n?.llc:. ~t;.r_e_n_gt;h_ -~ _S.pe_c;l_f l_c_ .. Y_OIJ11!3.S .. tv1()_d~l_u_s __ j_~P.t:.~.l.f_l_c .TI!f'l.S,I_ II! .. S. t.r.l!.n£!t.h 
.................................. : ...... g_r_;;~_n.'IY!It:?J.~ ~ ..... ·f ................. <?.P.a. ...... ........... : ................. <?.P.a. ................. i. ............. G. !''.€!. /.. !?.1!.1'!.?.!1: Y ........... .. ! .............. <?. .F:.a.! !?.t:_n_s_lt; Y ............. . 
:··::·:·::::·_~t.~~;;_:: .. :::-:::,.;_::-:::::_ : ·:+~:·.-: .. :::::::r:::·::: .. :::_.::_1~:·::::::: _ ::· _ : ::-r:-::: · :·:·: ·:··: :~;;:: :::· .. :: ... _ ·:: ·:;::::.,.,.,_:::.:·:·:::.~~Jr.,:::·:::_·:::: ... :r:_::::.,·:.::.::::.:_:r:~:::··:::·::: .. :::::::::. 
:: ~::~;::ill:i~ :~~~~::~::::::::::::::1:1~:::::::::::::: l::: : ::::: :: : :::::::~~::::::::::::::::::l::::::::::: : :::::::~ : £. :::::::::··::::::::1::: . :::: .:.:::::::::::m;~~ :::::::::::::::::::::J::::::::::::::::::::::::t~~:::::::::::: . :· :: : : ::: 
::::::::::p:~~~~:~~~::::::::::::t:::::::::::::::li::::::::::::::::::::::::::::·:::::~3~:: : ::::::::::::::::[:: · ··· .. ::::::::J;jf:::::::::::::::::::::::::::::::::::::::::t~:::::::::::::::::::::::t::~:::·:::::::::::::::~:~~: ····-··-··"•'"'' ' '' 
E-Glass/Polyester (18% : ; : 1 
.... .Ji!?r.~ _R!~!:!.It9.m) _ .: ......... 1:.? .. _ ..... ,... .... 8 _ ...... .i, 0.1 5.:3.L .. ... .L..' .... .. .... .. ... o.-_o? ... ..... . . . .. 
E-G lass/Epoxy (43% Fibre : . ! . : 
............ lJ.IJ.!:D..i.J:~~,.) .... ........ : ................ !.-.? ................ ; ................. 3.~:~.6 ................. 1. ................. !:.~~---···· .......... ; ....................... I.~--2_1 __ , .................... ! ....................... g:.~.! ...................... .. 
Carbon (HS)/Epoxy (62% ; i ! l 
... ..... f.i.l:>.~.lJ.ul:D..i.J.'I!.~,) ....... ; .............. ..I.§ ............... [ ................. ~S.?J6 ................ ~ .................. 2_._7_? .................. ] ....................... ~6.-_1_0 _____ .............. ) ........................ !.-.7.1 .. ........ . ..... .. 
Kevlar 49/Epoxy (62% . . ! . . ! 
Fibre Uni-Direct.) · 1.4 ' 76.88 : 1.736 : 54.91 i 1.24 
·:::::::·.:::~:J.;&~~:::: .. ::::::-r::·:_:·::::: .. -~~:::: ::::: _.---c .. · : · _ :_·::::_::~f.j: _:·.::: ... ::.-: .. _i:::_ :· :-:: ·:::-::~~lr:·:-·:.·:_:: : +:::::_:··:::::·_::J~~~r::·:_:-: .. :-::":::-r:·:_::::::::::: .. :::::: ~~ r:::::::::::_ ::::::::: 
NAB 8.7 120 ' 0.44 . 13.79 i 0.05 
I Young's Modulus GPa I I Tensile Strength GPa I 
0 100 200 300 400 500 600 700 800 900 0 0. 5 1.5 2 2.5 3 3.5 4 4.5 
I Specific Young's Modul us GPa/Denslty I I Specific Tensile Strength GPa/Density I 
0.00 50.00 100.00 1 50.00 200.00 2 50.00 300.00 3 50.00 400.00 0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 
==================-..:2A ppendix 6 
Propeller load calculation sp:readsheets. 
:::::~~u:::m:::a:''''@~'?i:=:'::,-1:~'=~=:mr~~i?::?:::':~n-~:~t-,~t ~::;~::::::::::r:::::@;::::~::::::::~,,~:::F::t':l>.::::t ~:=:~:::::;:ll?i"='lit~~m~H::::::'''' ''''''''''''''::t:::;~:::;?t:~::(<::;:{::J:~::::::@t :i::::',::~==~~ ~~==~''';::;;l ::::::::::::w:'::=:;::;,m':~t::::::::%''''''" ~===:~::;:':':=:~u::l::>;:::::~''''' 
I . 4 i: 2 : 3 ! -4 j 6 j 8 : 7 l 8 ! 9 ! 1 O! 1 1 ; 1 2! 1 3 
:9:~:~;c:::i.:::::r~P.:::~~~~;:r~:::~~:~:i!~J~:~:::r~:i~~c::::::r;;:::::::r:::::::i::::::::~ ::::i~::::ci:::i.j~::~iP.:::~j1~:~~!::::~:~~~~!L~iP.:<iP.:;~>:;i~:iif:~~:~:~:~~~:~~:: 
1 : 0 : 0.191 ; 0.169 : 16 .662 ; 3 . 183 : 2.817 : 0 .500 : 1.408657 !25.869566; 12 .935 ; 183.748 ; 91.874 
tl!~;~[1·1;; i:: f.!!i l- ~i:i!~l !:li!: I ~::~1!H~H~'!iilillt~!~~ill ~~l:~i! ] [;ft:S :J ¥l~!ll-
6 ! 85.945 : 0.000 ; 0 .989 ; 16.662 ! 0 .000 ; 16.479 l 2 .000 ! 32.95623 !271.56119! 543. 122 ; 4475.088 ; 8950 .175 
·~~F:H:~~~I~F:~~~~}:~:F:~::~~~:~:L::J:::;:t::I::::~:~tEil:::t~~::u::~~~T~~~:tii:~[f~~:::.~~1:;E::tt~~:::::T:::::::;:~~::::~~:::::::::F::;~~:1-t:F: 
9 ! 137.51 ! 0 .000 l 0.893 l 16.662 l 0.000 ; 14.880 l 1.000 ! 14 .87952!221.40021 ! 221.400 ! 3294.330 ; 3294.330 
1 : 0 ; 0 .051 : 0. 169 : 12 .294 ; 0.627 ; 2.079 : 0 .500 : 1.039 ; 6.9271 842! 3.464 ; 19.559 ; 9 . 780 
Tt:t!!~f ~:~: I ~.!!fl it[!fl -!:!!!Ttl~tlt!!!T ~~L : It~~Lf,t:;:!,ff : ~1i~!~ I ~,t~,~~ 
5 ! 75. 143 ! 0.000 : 0.825 ! 12.294 l 0.000 ; 10 . 142 ! 1.000 ! 10. 142 ! 102.865 l 102. 865 ! 1043.276 : 1043.276 
-........ ~--········. ···;· ............. ·····•i•• ..... ............ : .. .................. ·: ..... .............. ~-........ ·-· .... ·: .............. :· ............... --~- ............... ···; ··-· ............. ···· -~ ........ ................. ........ -~··. ·-···· .. -·· ......... . 
6 ; 93.929 : 0.000 : 0.911 : 12.294 : 0 .000 : 11.199 ; 2.000 : 22.399 : 125.428 : 250.856 ; 1404.728 ; 2809.457 






=======:=..;A~ppendix 6a 
Load cenl. 

Wall Thidness 
I ) ·•·I } ··········~"'··.········· ' 119 ... \/···· \.i•·ozlJ i ·····•·.····· \~ ) 
2652.58 2411.44 2210.49 2040.45 
1326.29 1205.72 1105.24 1020.22 
884.19 803.81 736.83 680.15 
663.15 602.86 552.62 510.11 
530.52 482.29 442.10 408.09 
442.10 401.91 368.41 340.07 
378.94 344.49 315.78 291.49 
331.57 301.43 276.31 255.06 
294.73 267.94 245.61 226.72 
265.26 241.14 22105 204.04 
241.14 219.22 200.95 185.50 
221.05 200.95 184.21 170.04 
204.04 185.50 170.04 156.96 
189.47 172.25 15'7.89 145.75 
176.84 160.76 147.37 136.03 
80mm Diameter Tube 
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s::: 
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~ 
<..f) 3000.00 
a 
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2 
2000.00 
1000.00 
0.00 
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Wall Thickness mm 
100mm Diameter Tube 
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s:: 
2500.00 
'(il 
1..... 
~ 
UJ 
a 
1..... 
2000.00 
u 
2 
1500.00 
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0.00 
0 0.5 1.5 2 2.5 3 
Wall Thickness mm 
100mm Diameter Tube 
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2500.00 
-~ (\) 
L 
~ 
UJ 2000.00 
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~ 
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Ariel Cloth Weight (E-glass) 
=================-~Appendix 7 
Composite propellers manufactured for 
this project. 
lh bronze boss 
on pandora. RpproH 15 
running 
...-...- .. ..... 



::::::::::::::::=:=::::=:=::::=:=::::=:===-A!.! .pp e ndix 7 a 
Cavitation data. 
vav uata Hecem Wed, uec 31 , 1997 2:09 pm 
Advance Bronze Effic. @ 3 m/s Bronze Effic. @ 4 m/s Composite Effic. @ 3 m/s Composite Eff ic. @ 4 m/s 
1 1 . 100 0 . 866 0 .843 
2 1. 05 1 0 . 832 0.795 
3 1. 000 0 .790 0 . 771 
4 0 . 950 0 .757 0 .727 
5 0 . 901 0 . 717 0 .695 
6 0.850 0 .687 0.666 
7 0 . 801 0.655 0.635 
8 0.749 0 .630 0 . 600 
9 0 .700 0 . 596 0 . 561 
1 0 0 .651 0 . 548 0 . 515 
1 1 0 .600 0 . 504 0.470 
1 2 0 . 550 0 .451 0 .425 
1 3 0.500 0 .398 
14 0.450 0 .350 
1 5 
1 6 1 .099 0 .702 0 .624 
1 7 1 .050 0 .698 0 .696 
1 8 1 .000 0.678 0 .673 
1 9 0 .950 0 . 671 0 .674 
20 0.900 0 .648 0 .650 
2 1 0 . 85 1 0 .632 0.617 
22 0 . 800 0 . 595 0 . 588 
23 0.750 0 . 570 0.560 
24 0 . 699 0 . 526 0 . 515 
25 0 . 650 0 .487 
26 0.599 0.446 
27 0 . 562 0 .413 
vav uata (1\t,l\q) vvea , uec ::11, l!::I!:H L:Uti pm 
Advance Coefficient Bronze Kt @ 3 m/s Bronze Kq @ 3 m/s Bronze Kt @ 4 m/s Bronze Kq @ 4 m/s Composite Kt @ 3 m/s Composite Kq @ 3 m/s 
1 1.100 0 .212 0 . 042 0 .200 0 .041 
2 1. 051 0.231 0 .046 0.215 0.045 
3 1.000 0.260 0 .052 0.243 0.049 
4 0.950 0 .283 0.056 0.261 0.054 
5 0.901 0 . 305 0.060 0.283 0 .058 
6 0.850 0 .330 0 . 064 0.308 0.062 
7 0.801 0 .355 0 . 068 0.330 0 . 065 
8 0 .749 0 . 382 0.071 0 .356 0.070 
9 0.700 0.413 0 . 076 0 .387 0.076 
1 0 0.651 0.434 0 . 081 0.413 0.082 
1 1 0 . 600 0.462 0 . 086 0 .446 0 .089 
1 2 0 . 550 0.486 0 . 093 0.477 0.097 
1 3 0 . 500 0.507 0 . 100 
1 4 0.450 0.526 0 . 106 
1 5 
1 6 1.099 0.191 0 .047 
17 1.050 0.214 0 .051 
1 8 1.000 0.237 0 .055 
1 9 0 .950 0.268 0.059 
20 0.900 0.295 0 .064 
2 1 0 .851 0.323 0 .068 
22 0 .800 0.348 0.073 
23 0 .750 0 . 379 0.078 
24 0 .699 0.403 0.084 
25 0.650 0.430 0.090 
26 0.599 0.452 0 .095 
27 0.562 0.463 0 .099 
Gav uata (Kt,Kq) Wed, uec ::ll , HI!:*/ ~:u~; pm 
Composite Kt @ 4 m/s Composite Kq @ 4 m/s 
2 
3 
4 
5 
6 
7 
8 
9 
1 0 
11 
1 2 
1 3 
14 
1 5 
1 6 0.179 0 .049 
17 0 .203 0.048 
1 8 0 .224 0 . 052 
1 9 0 .253 0 .056 
20 0 .277 0 .060 
21 0.302 0.065 
22 0 . 334 0 .071 
23 0.365 0 . 077 
24 0 . 396 0 . 084 
25 
26 
27 
========-~Appendix 8 
FEA modelling datao 
-- - --· ·· ·- -----
ORTHOTROPIC.MATERIAL 
I 
I 
~ 
{ 
ORTHOTROPIC.MATERIAL 
NUMBER I sxx 
SHYZ I SHZX I 
KZ SH 
NUMBER 
SXX,SYY ,SZZ 
SXY ,SYZ,SZX 
SHXY ,SHYZ,SHZX 
RO 
ALX,AL Y ,ALZ 
MU 
KX,KY,KZ 
I SYY I szz SXY SYZ szx SHXY ~ 
RO I ALX A~Y ALZ MU KX KY ~I 
Referred to from the ORTHOTAOPhC . MiATE~ItAL. NUMBER 
entry in the LAMINATES module, or, tor tililr.e.e. dimensional 
elements, from the PROPERTY eFltry 'n 1!1ite. ELEMENif:S.. 
module. 
No default 
Material compliances in the principal directions for the 
material. For example, SXX gives the strain in the X 
direction when the stress in the X direction is unity and all 
other stresses are zero . 
No default 
Cross compliances. SXY gives the stra;n ~lfl' title-X direction 
; 
J 
when the Y stress is unity and an other stresses are· zero. ~: 
No default 
Shear compliances . SHXY gives the engfineeri.ng shear 
strain 'Yxv when the shear stress CJxv is unj,ty. 
No default 
Density 
Default = 0. 0 
Coefficients of thermal expansion in the principal axes of 
the material. 
Default = 0. 0 
Hysteretic damping . 
Default = 0. 0 
Thermal conductivities in the principal directions of the. 
material. 
Default = 0. 0 
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67 0.0377 
-0.0261 -0.0358 5.112 * 
68 * * * * 1.706 
69 * * * * * 
70 0.0065 -0.0037 -0.0064 * 2.864 
71 0.0111 -0.0029 -0.0189 2.960 1.149 
72 0.0170 -0.0093 -0.0197 2.372 1. 268 
73 0.0254 -0.0108 -0.0373 4.077 1.549 
***************************************~********** 
. ,.__ ---
** NOTICE ** ** 
** 
This is a DEMONSTRATION VERSION for sole use of ** 
Sonardyne Ltd ** 
** 
UNAUTHORISED COPYING OR USE IS NOT PERMITTED ** 
************************************************** 
J3Ro,V7E Pl?o ;o 
-1.794 0.0581 
0.463 * 
0.112 * 
1.384 0.0098 
* 0.0221 
* 0.0276 
* 0 .0464 
~----------------------------------------------------------------------------
E 1 TRANSLATIONS 
FliiEditing: AQTH.007 L 516 C 1 
E 1 TRANSLATIONS 
DE MULTIPLIED BY lE 3 
BER UX UY UZ 
74 * * * 
75 * * * 
76 0.0028 0.0001 -0.0061 
77 0.0038 0.0058 -0.0148 
78 -0.0036 0.0228 -0.0207 
79 * * * 
80 -0.0078 0.0104 -0.0021 
81 0.9576 -1.1365 
-1.3090 I 
93 10.8748 -0.9576 0.1967 
94 1 . 2312 -1.5161 -1.1830 
06 1.1774 -1.3752 0.1564 
07 1. 5127 -1.9121 -1.0212 
19 1.5191 -1.8843 0.0940 
20 1.9149 -2.5889 -0.5116 
21 0.8191 - 0.9481 -1.2259 
22 0.9896 -1.2181 -0.5739 
23 0.7451 -0.7880 0.2199 
24 1.0950 -1.3278 -1.2458 
Flll Editing: AQTH.007 L 539 c 1 
24 1.0950 -1.3278 -1.2458 
25 1.2904 -1.6626 -0.5231 
26 1. 0230 -1.1584 0.1759 
30 0.6825 
-0.7084 0.2310 
31 0.7499 -0.8540 -1.1843 
32 0.8419 -1.0088 -0.5152 
33 0.8091 -0.8710 0.2085 
34 0.8883 
-1. 0423 -1.2674 
35 0.7763 
-0.8637 0.0735 
36 0.7110 -0.7769 0.0881 
37 0.7611 -0.8272 0.1466 
38 0.8033 -0.9272 -0.0738 
39 0.7352 ·_:0.8339 -0.0555 
40 0.7903 -0.8970 -0.0001 
41 0.8273 -0.9809 -0.2226 
42 0.7561 
-0.8804 -0.2003 
ROTATIONS 
ROTATIONS 
MULTIPLIED BY lE 3 
PHIX PHIY PHIZ 
0.458 0.823 * 
* * 0.179 
1.692 1.160 * 
2.965 -0.131 * 
5.828 0.474 * 
* * 0.132 
1.619 -0.323 * 
12.33 8.610 0.228 
11.37 6.955 -2.507 
15.24 * 0.910 
16.08 * -2.268 
12.27 8.576 1.115 
13.85 9.664 -3.604 
17.03 4.779 1.222 
15.85 * -3.056 
13.36 10.72 0.783 
13.38 * -2.548 
15.59 * 0.881 
15.59 * 0.881 
18.41 
* 
2.073 
15.32 * -2.012 12.95 
* 
-2.624 
15.93 * -3.066 
17.06 * -1.699 
13.78 
* 
-2.932 
15.81 * -3.085 
14.63 
* 
-2.677 
14 .02 * -2 . 526 
13.94 
* 
-2.564 
15.67 * -2.688 
15.11 * -2.509 
15.10 
* 
-2.637 
16.77 
* 
-2.747 
16.25 
* 
-2.653 
RESULT AN 
I A 
RESULT AN 
MULTIPL 
u 
* 
* 
0.0067 
0.0163 
0.0310 
* 
0.0132 
1.9804 
1. 3119 
2.2834 
1. 8171 
2 . 6433 
2 .4222 
3.2605 
1. 7529 
1.6711 
1.1065 
2.1246 
I A 
2.1246 
2.1686 
1.5554 
1.0104 
1.6414 
1. 4114 
1 . 2070 
1.8660 
1.1636 
1. 0568 
1.1336 
1. 2290 
1.1131 
1.1955 
1. 3024 
1.1777 
E 1 
DE 
BER 
TRANSLATIONS 
MULTIPLIED BY lE 3 
UX UY UZ 
Fljl Editing: AQTH. 007 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
J2 
33 
34 
35 
36 
37 
38 
39 
40 
* 
-0.0113 
0.0197 
0.0104 
0.0116 
0.0402 
* 
-0.0067 
* 0.0058 
0.0277 
0.0247 
0.0517 
* 
* 0.0091 
0.0305 
0.0300 
0.0552 
* 
* 
* 0.0205 
-0.0152 
0.0018 
-0.0072 
-0.0300 
* 0.0047 
* 
-0.0047 
-0.0228 
-0.0199 
-0.0431 
* 
* 
-0.0074 
-0.0256 
-0.0251 
-0.0473 
* 
* 
Fl~Editing: AQTH.007 
40 * 
41 0.0115 
42 0.0283 
43 0.0302 
44 0.0521 
45 * 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
* 0.0107 
0.0226 
0.0260 
0.0446 
* 0.0069 
0.0203 
0.0210 
0.0405 
* 
* 0.0068 
0.0207 
0.0204 
0.0404 
* 
* 
* 
-0.0094 
-0.0233 
-0.0252 
-0.0441 
* 
* 
-0.0087 
-0.0174 
-0.0210 
-0.0360 
* 
-0.0051 
-0.0147 
-0.0156 
- 0.0310 
* 
* 
-0.0046 
-0.0144 
-0.0144 
- 0.0301 
* 
* 
Fljj Editing: AQTH. 007 
63 * * 
L 447 C 1 
* 
-0.0067 
0.0223 
0.0483 
0.0232 
0.0434 
* 0.0052 
* 0.0068 
0.0175 
0.0200 
0.0323 
* 
* 0.0060 
0.0112 
0.0149 
0.0198 
* 
* 
L 470 C 1 
* 0.0044 
0.0037 
0.0076 
0.0062 
* 
* 0.0016 
-0.0025 
0.0003 
-0.0056 
* 
-0.0006 
-0.0076 
-0.0050 
-0.0154 
* 
* 
-0.0024 
-0.0134 
-0.0103 
-0.0263 
* 
* 
L 493 c 1 
* 64 0.0069 -0.0044 -0.0045 
65 0.0194 -0.0124 . -0.0187 
66 0.0206 
-0.0141 -0.0163 
ROTATIONS 
MULTIPLIED BY lE 3 
PHIX PHIY PHIZ 
* 4.472 
5.925 
9.179 
5.630 
7.348 
* 2.925 
* 
* 6.112 
5.469 
7.039 
* 
* 
* 5.245 
5.666 
6.301 
* 
* 
* 
* 3.729 
4.846 
5.138 
* 
* 
* 2.922 
3.993 
4.568 
* 
* 3.523 
3.912 
5.026 
* 
* 
* 3.542 
4.059 
4.979 
* 
* 
* 0.609 
-0.127 * 
* 1. 579 
* 1.864 
* 0.813 
* 1. 430 
1.587 -0.610 
0.988 * 
* -0.260 
4.041 -1.817 
* 1. 263 
* 1. 305 
* 1.155 
2.380 -0.299 
* -0.477 
4.940 -1.531 
* 0.574 
* 0.937 
* 0.547 
2.303 0.387 
* -0.171 
* 
4.139 
* 
* 
* 1.892 
* 2.687 
* 
* 
* 
* 1.597 
* 
* 
* 2.075 
* 2.625 
* 
* 
* 1.892 
* 
-0.171 
-0.544 
0.168 
0.452 
0.100 
0.518 
0.245 
0.270 
0.173 
0.179 
-0.076 
0.436 
0.634 
-0.552 
-0.294 
-0.841 
0.395 
0.108 
0.821 
-1.070 
-1.139 
-1.540 
0.474 
0.040 
* * 0.040 
* 2.770 0.899 
3.888 * -1.479 
3.961 * -1.549 
RESULT AN 
MULTIPL 
u 
I A 
* 0.0244 
0.0334 
0.0494 
0.0269 
0.0663 
* 0.0097 
* 0.0101 
0.0399 
0.0375 
0.0746 
* 
* 0.013 2 
0.0414 
0.0419 
0.0754 
* 
* 
I A 
* 0.0155 
0.0368 
0.0401 
0.0685 
* 
* 0.0139 
0.0286 
0.0335 
0.0576 
* 0.0087 
0.0261 
0.0267 
0.0533 
* 
* 0.0086 
0.0286 
0.0270 
0.0568 
* 
* 
I A 
* 0.0094 
0.0296 
0.0298 
72 0.1331 -0.1151 -0.0904 8.272 * -2.991 0.1979 
73 0.1401 -0.1236 -0.0410 7.622 * -1.382 0.1913 
74 0.1808 - 0.1648 -0.0606 8.886 * -1.696 0.2520 
75 0.1371 -0.1202 -0.0576 8.316 * -2.117 0.1912 
76 0.1481 - 0 .1330 -0.0064 7.308 * -0.889 0.1991 
77 0.1876 -0.1727 -0.0161 8.532 * -1.156 0.2555 
78 0.1444 -0.1287 -0.0241 7.426 * -1.135 0.1950 
79 0.1525 -0 .1380 0.0303 7.745 * -0.544 0.2079 
80 0 . 19_1.7-- -0 . 1 7 6 9 0.0302 8.762 * -0.670 0.2626 
81 0.1510 - 0.1365 0.0117 7.261 * -0.707 0.2039 
82 0.1504 -0 .1335 0.0681 8.456 * -0.140 0.2123 
83 0.1905 -0.1732 0.0780 9.234 * -0.172 0.2690 
84 0.1526 -0.1373 0.0490 7.818 * -0.328 0.2110 
85 0.1373 -0.1143 0.1068 9.534 * 0.343 0.2081 
86 0.1795 -0.1551 0.1281 10.07 * 0.277 0.2696 
87 0.1452 -0.1256 0.0873 8.828 * -0.000 0.2109 
88 0.1598 -0 .1250 0.1800 10.82 * 0.906 0.2712 
89 0.1273 -0.1003 0.1264 9 .84 2 * 0.581 0.2055 
F1ll Editing: AQTH.007 L 401 c 1 I A 
89 0.1273 -0.1003 0.1264 9.842 * 0.581 0.2055 
90 0.0446 -0.0245 -0.0610 3.379 4.006 2.090 0.0794 
91 0.0395 -0.0003 -0.0882 7.212 2 .151 * 0.0966 
92 0.0721 -0.0444 -0.1016 5.593 2.729 * 0.1322 
93 0.0301 -0.0067 -0.0551 4.321 2.790 2.265 0.0632 
94 0.0605 -0.0446 -0.0570 3.422 3.421 0.556 0.0944 
95 0.0893 -0.0685 -0.0922 7.205 * -3.240 0.1455 
96 0.0544 -0.0367 -0.0609 3.219 3.332 1.347 0.0895 
97 0.0653 -0.0513 -0.0427 3.854 2.946 -0.237 0.0934 
98 0.0957 -0.0784 -0.0718 7.302 * -3.026 0.1430 
99 0.0639 -0.0492 -0.0506 3.326 3.163 0.267 0.0952 
00 0.0665 -0.0536 -0.0258 3.592 3.437 0.239 0.0892 
01 0.0982 -0.0822 -0.0479 7.395 * -2.278 0.1367 
02 0.0658 -0.0523 -0.0341 3.449 3.218 0.024 0.0907 
03 0.1040 -0.0891 -0.0241 6.870 * -1.191 0.1391 
04 0.0683 -0.0559 -0.0177 2.959 3.839 0.527 0.0900 
0 5 0.0805 -0.0698 0.0086 4.405 2.242 0.006 0.1069 
06 0.1128 -0.0995 0.0016 6.846 * -0.777 0.1504 
07 0.0765 -0.0655 -0.0011 3.802 2.572 0.138 0.1007 
08 0.0842 -0.0735 0.0293 5.430 2.030 0.044 0.1155 
09 0.1172 -0.1042 0.0298 7.455 * -0.336 0.1596 
10 0.0833 -0.0728 0.0188 5.172 1.537 -0. 090 0.1122 
11 0.0802 -0.0677 0.0496 5 .70 2 2 .544 0.040 0.1161 
12 0.1139 -0.0988 0.0587 8.122 * 0.096 0.1618 
I F1ll Editing: AQTH.007 L 424 c 1 I A 
12 0.1139 -0.0988 0.0587 8.122 * 0.096 0.1618 
13 0.0834 - 0.0720 0.0395 5 . 243 2.245 -0.075 0.1171 
:14 0.0652 -0.0483 0.0685 6 .462 2.434 -0.261 0.1062 
:15 0.0990 -0.0785 0.0869 8.995 * 0.317 0.1533 
:16 0.0747 -0 .0602 0.0593 5.123 2.971 -0.540 0.1128 
:17 0.0747 -0.0472 0.1137 10.13 * 1.184 0.1440 
:18 0.0514 -0.0320 0.0764 6.822 2.675 -0.615 0.0975 
:19 -0.0048 0.0076 0.0211 7.446 * 1. 509 0.0229 
'************************************************** 
** NOTICE ** ** 
** 
This is a DEMONSTRATION VERSION for sole use of ** 
Sonardyn e Ltd ** 
** 
UNAUTHORISED COPYING OR USE IS NOT PERMITTED ** 
'************************************************** 
35 0.2040 -0.1787 -0.2353 11.19 * -4.360 
36 0.2533 -0.23 33 -0.2976 12.32 * -4.781 
37 0.1970 -0.1665 -0.2562 11.01 * -4.470 
38 0.2149 -0.1977 -0.1897 10.65 * -3.777 
Flll Editing: AQTH.007 L 332 c 1 
38 0.2149 -0.1977 -0.1897 10.65 * -3.777 
39 0.2629 -0.2507 -0.2419 11.64 * -4.143 
40 0. 2.1_Qp __ - 0 . 1892 -0.2130 10.38 * -3.852 
41 0.2213 -0.2077 -0. 138 2 10.24 * -3.229 
42 0.2690 - 0.2606 -0.1815 11.07 * -3.667 
43 0.2187 -0.2040 -0.1648 10.13 * -3.457 
44 0.2734 - 0.2657 -0.1181 10.86 * -3.005 
45 0.2237 -0.2106 - 0.1110 10.01 * -2.821 
46 0.2316 -0.2191 -0.0275 5.328 6.949 0.523 
47 0.2772 -0.2691 -0. 0534 10.31 * -2.579 
48 0.2291 -0.2165 -0. 0556 4.874 7.805 1. 091 
49 0.2351 -0.2221 0.0295 6.308 5.371 -0.196 
50 0.2797 -0.2705 0.0116 10.16 * -2.062 
51 0.2338 -0.2212 0.0008 5.794 5.887 0.130 
52 0.2345 -0.2185 0.0882 6.855 5.060 -0.468 
53 0.2793 -0.2672 0.0779 10.33 * - 1.670 
54 0.2356 -0.2215 0.0584 6.382 5.095 - 0.246 
55 0.2 25 1 -0.2005 0.1506 7.116 5.669 -0.832 
56 0.2708 -0.2504 0.1481 10.72 * -1.575 
57 0.2310 -0.2113 0.1189 6.760 5.309 -0.669 
58 0.2527 - 0.2179 0.2216 10.95 * -1.409 
59 0.2169 -0.1862 0.1829 6.845 6.090 -1.108 
60 0.1041 -0.0699 -0.1486 6.392 3.007 * 
61 0.1171 -0.0654 -0.2193 9.243 4.354 * 
• Flll Editing: AQTH.007 L 355 c 1 
61 0.1171 -0.0654 -0.2193 9.243 4.354 * 
62 0.1426 -0.1052 -0.2061 7.705 4.366 * 
63 0.0905 -0.0500 -0.1500 7.271 2.688 * 
64 0.1217 -0. 0968 -0.1320 7.881 * -3 .257 
65 0.1595 -0.1326 -0.1791 9.742 * -3.866 
************************************************** 
** NOTICE ** ** 
** 
This is a DEMONSTRATION VERSION for sole use of ** 
Sonardyne Ltd ** 
** 
UNAUTHORISED COPYING OR USE IS NOT PERMITTED ** 
'************************************************** 
:E 1 
IDE 
rBER 
.66 
TRANSLATIONS 
MULTIPLIED BY lE 3 
UX UY UZ 
0.1143 -0.0851 -0.1416 
> F1ll Editing: AQTH.007 L 378 c 
.66 0.1143 -0.0851 -0.1416 
.67 0.1306 -0.1112 -0.1057 
.68 0.1703 · -:.0.1507 -0.1450 
.69 0.1271 -0.1055 -0.1197 
.70 0.1350 -0-.1177 -0.0743 
.71 0.1762 - 0.1597 -0 .1045 
1 
ROTATIONS 
MULTIPLIED BY lE 3 
PHIX PHIY PHIZ 
5.581 2.861 * 
5.581 2.861 * 
8.216 * -3.160 
9.492 * -3.422 
7.525 * -3.047 
8.305 * -2.556 
9.281 * -2.775 
0.3591 
0.4551 
0.3635 
0.3482 
I A 
0.3482 
0.4365 
0.3540 
0.3335 
0.4161 
0.3415 
0.3991 
0.3267 
0.3200 
0.3901 
0.3201 
0.3247 
0.389 2 
0.3218 
0.3324 
0.3943 
0.3286 
0.3369 
0.3974 
0.3349 
0.4006 
0.3393 
0.1944 
0.2571 
I A 
0.2571 
0.2718 
0.1822 
0.2040 
0.2740 
RESULT AN 
MULTIPL 
u 
0.2009 
I A 
0.2009 
0.2015 
0.2697 
0.2040 
0.1939 
0.2598 
95 0.4304 
-0.4440 -0.0057 12.43 * -2.071 
96 0.4178 
-0.4160 0.1389 11.56 * -1.732 
97 0.4725 
-0.4804 0.1302 11.90 * -1.758 
98 0.4243 -0.4299 0.0896 11.77 * -1.770 
99 0.4510 
-0.4344 0.2403 11.43 * -1.568 
00 0.4087 -0.3972 0.1891 11.33 * -1.687 
01 0.2965 -0.2760 -0.4305 13.94 * -5.912 
02 0.3435 -0.3248 -0.5873 15.50 * -6.878 
03 0. 3.5§,L _ -0. 3484 -0.5170 14.65 * -6.110 
04 0.2892 -0.2629 -0.4597 14.23 * -6 .086 
05 0.3073 -0.2960 -0.3665 13.27 * -5.159 
06 0.3651 -0.3658 -0.4408 14.06 * - 5.457 
07 0.3024 -0.2867 -0.3990 13.33 * -5 .481 
08 0.3150 -0.3108 -0.2991 12.50 * -4.412 
09 0.3710 -0.3778 -0.3612 13.48 * -4.757 
10 0.3116 -0.3041 -0.3331 12.65 * -4.759 
Flll Editing: AQTH.007 L 286 c 1 
10 0.3116 -0.3041 -0.3331 12.65 * -4.759 
11 0.3198 -0.3190 -0.2282 11.82 * -3.768 
************************************************** 
** NOTICE ** ** 
** 
This is a DEMONSTRATION VERSION for sole use of ** 
Sonardyne Ltd ** 
** 
UNAUTHORISED COPYING OR USE IS NOT PERMITTED ** 
************************************************** 
E 1 
'DE 
:BER 
12 
13 
14 
15 
TRANSLATIONS 
MULTIPLIED BY lE 3 
UX UY UZ 
0.3744 -0 .3842 -0.2792 
0.3179 -0.3159 -0.2642 
0.3236 -0 .3234 -0.1556 
0.3775 -0 .3878 -0.1964 
' F1ll Editing: AQTH.007 L 309 c 
.15 0.3775 -0.3878 -0.1964 
.16 0.3216 -0.3213 -0.1920 
.17 0.3262 -0.3248 -0.0817 
.18 0.3789 -0.3873 -0.1127 
.19 0.3254 -0.3251 -0.1190 
.20 0.3270 -0.3235 -0.0077 
.21 0.3777 -0.3824 -0.0289 
.22 0.3267 -0.3242 - 0.0447 
.23 0.3265 -0.3200 0.0668 
.24 0.3762 -0.3771 0.0546 
.25 0.3272 -0.3224 0.0292 
.26 0.3182 -0.3029 0.1454 
.27 0.3673 -0.3583 0.1423 
.28 0.3237 -0.3137 0.1054 
.29 0.3480 -0.3203 0.2338 
.30 0.3103 -0.2879 0.1862 
.31 0.1888 · ...:0.1526 -0.2760 
.32 0.2218 -0.1780 -0.3922 
. 33 0.2404 -0. 2104. -0.3498 
.34 0.1785 -0.1355 -0.2922 
1 
ROTATIONS 
MULTIPLIED BY lE 3 
PHIX PHIY PHIZ 
12.99 * -4.126 
11.95 * -4.076 
11.57 * -3.121 
12.77 * -3.385 
12.77 * -3.385 
11.49 * -3.491 
11.01 * -2.735 
12.22 * -3.027 
11.26 * -2.906 
10.71 * -2.173 
11.78 * -2.401 
10.83 * -2.356 
10.76 * -1.719 
11.43 * -1.830 
10.73 * -1.790 
10.95 * -1.623 
11.26 * -1.731 
10.91 * -1.610 
11.12 * -1 .665 
10.93 * -1.501 
12.05 * -5.116 
10.87 6.053 * 
13.12 * -5.440 
9.291 4.891 * 
0 .6184 
0.6057 
0.6863 
0.6106 
0.6707 
0.6005 
0.5912 
0.7539 
0.7180 
0.6034 
0.5625 
0.6793 
0.5769 
0.5341 
0.6410 
0.5482 
I A 
0.5482 
0.5061 
RESULT AN 
MULTIPL 
u 
0.6048 
0.5202 
0.4832 
0.5757 
I A 
0.5757 
0.4934 
0.4675 
0.5534 
0.4751 
0.4600 
0.538 3 
0.4624 
0.4620 
0.5354 
0.4603 
0.4628 
0.5324 
0.4629 
0.5276 
0.4624 
0.3676 
0.4845 
0.473 7 
0.368 2 
'************************************************** 
1 Fl~Editing: AQTH.007 L 217 c 1 
'************************************************** 
** NOTICE ** ** 
** 
This is a DEMONSTRATION VERSION for sole use of ** 
. ___ __ Sonardyne Ltd ** 
** 
UNAUTHORISED COPYING OR USE IS NOT PERMITTED ** 
'************************************************** 
:E 1 
IDE 
!BER 
TRANSLATIONS 
MULTIPLIED BY lE 3 
UX UY UZ 
ROTATIONS 
MULTIPLIED BY lE 3 
PHIX PHIY PHIZ 
58 0.5583 -0.6139 -0.1706 14.85 * -3.158 
59 0.6690 -0.7450 -0.0378 14.48 * -2.480 
60 0.5437 -0.5815 0.0038 13.28 * -2.167 
61 0.6781 - 0.7656 -0 .1082 15.15 * -2.600 
62 0.6052 - 0.6607 -0 .0165 13.91 * -2.444 
63 0.5490 -0 .5934 -0 .0542 13.93 * -2.427 
64 0.6478 -0.6949 0.1021 13.37 * -2.300 
1 Flll Editing: AQTH.007 L 240 c 1 
64 0.6478 -0.6949 0.1021 13.37 * -2.300 
65 0.5287 -0.5475 0.1213 12.22 * -1.890 
66 0.6590 -0.7215 0.0321 13.93 * -2.303 
67 0.5870 -0.6186 0.1119 12.83 * -2.094 
68 0.5371 -0.5665 0.0622 12.59 * -1.921 
69 0 .6354 - 0.6651 0.1717 12.91 * -2.095 
70 0.5628 -0.5624 0.2412 12.11 * -1.741 
71 0 .5184 -0.5242 0.1807 11.69 * -1.753 
72 0.4185 -0.4262 -0.6081 15.16 * -6.465 
73 0.4749 -0.4914 -0.8018 16.04 * - 7.531 
74 0.4834 -0.5088 -0.7044 15.53 * -6.665 
75 0.4135 -0 .4165 -0.6506 15.34 * -6.697 
76 0.4260 -0.4413 -0 . 5195 14.67 * -5.739 
77 0.4897 - 0.5220 -0 .6037 15.13 * -5.912 
78 0.4226 -0.4343 -0.5642 14.72 * -5.996 
79 0.4305 -0.4513 -0.4279 14.28 * -5.008 
80 0.4934 -0.5309 -0.5005 14.89 * -5.123 
81 0.4286 -0.4469 -0.4739 14.23 * -5.3 06 
82 0.4330 -0.4567 -0.3346 13.94 * -4.351 
83 0.4954 -0 .5361 -0.3960 14.68 * -4.452 
84 0.4320 -0.4547 -0 .3815 13.88 * -4.638 
85 0.4973 -0.5393 -0.2917 14.62 * -3.667 
86 0.4339 -0.458 0 -0.2876 13.70 * -3.936 
87 0.4356 -0.4574 -0.1468 13.24 * -3.212 
> Flll Editing: AQTH.007 L 263 c 1 
87 0.4356 -0.4574 -0.1468 13.24 * -3.212 
88 0.4971 - 0.5363 -0.1868 14.13 * -3.311 
89 0.4363 -0.4603 -0.1944 13.45 * -3.354 
90 0 .4321 -0.4484 -0.0523 12.69 * -2.562 
91 0.4913 · ...:.0.5228 -0.0813 13.55 * -2.694 
92 0.4340 -0.4530 -0.0994 13.09 * -2.840 
93 0.4284 -0.4388. 0.0415 12.06 * -1.904 
94 0.4848 -0.5077 0.0231 12.68 * -1.995 
I A 
RESULT AN 
MULTIPL 
u 
0.8471 
1.0020 
0.7961 
1. 0284 
0.8961 
0.8102 
0.9554 
I A 
0.9554 
0.7708 
0.9777 
0.8601 
0.7832 
0.9357 
0.8314 
0.7591 
0.8524 
1.0536 
0.9944 
0.8762 
0.8038 
0.9364 
0.8280 
0.7564 
0.8808 
0.7797 
0.7127 
0.8305 
0.7341 
0.7895 
0.6933 
0.6485 
I A 
0.6485 
0.7547 
0.6634 
0.6249 
0.7220 
0.6351 
0.6146 
0.7023 
BER ux UY uz PHIX PHIY PHIZ u 
----------------------------------------------------------------------------
1 
* * * 
0.276 0.201 
* * 2 
* * * 
0.442 0.473 
* * 3 0.0116 0.0159 -0.0424 4.439 3.867 3.236 0.0468 
4 0.0369 -0.0147 0.0836 5.515 5.292 -1.472 0.0926 
5 0 ·1:6_2.? .. - -0.1155 -0.3050 10.22 5.414 * 0.3662 6 0.2065 -0.1687 0.2156 7.240 6.208 -1.231 0.3429 
7 0.4082 -0.4062 -0.6921 15.81 
* 
-7.275 0.9003 
8 0.3970 -0.3737 0.2399 11.22 
* 
-1.628 0.5957 
12 0.0719 -0.0603 -0.0098 3.406 3.129 0.429 0.0943 
13 0.2261 -0.2132 -0.0833 5.245 7.836 1. 294 0.3218 
F1ll Editing: AQTH.007 L 171 c 1 I A 
13 0.2261 -0.2132 -0.0833 5.245 7.836 1. 294 0.3218 
14 0.1156 -0.0841 0.1458 10.49 
* 1. 080 0.2042 15 0.0744 -0.0267 -0.1465 8.199 3.331 
* 
0.1665 
16 0.4352 - 0.4596 -0.2410 13.78 
* 
-3.569 0.6773 
17 0.2998 -0.2683 0.2277 11.00 
* 
-1.521 0.4623 
18 0.2811 - 0.2483 - 0.4869 15.01 
* 
-6.673 0.6146 
19 0.6806 -0.7599 -1.1428 12.34 8.617 0.289 1.5319 
20 0.6216 -0.6320 0.2418 12.52 
* 
- 2.162 0.9189 
21 0.6989 -0.8092 -0.4588 12.03 9.990 0.562 1.1635 
22 0.5061 -0.4968 0.2407 11.61 
* 
-1.787 0.7489 
23 0.5428 -0.5794 -0.9141 16.13 
* 
-7.379 1.2108 
24 0.6865 -0.7738 -1.0075 12.16 8.631 0.259 1.4440 
25 0.5501 -0.5950 -0.8037 15.80 
* 
-6.656 1.1413 
26 0.6837 -0.7671 -1.0753 12.17 8.669 0.328 1. 4873 
27 0.6115 -0.6691 -1.0280 16.10 
* 
-7.389 1.3705 
28 0.6179 -0.6837 -0.9050 15.87 
* 
-6.620 1.2916 
29 0.5466 -0.5875 -0.8592 15.85 
* 
-6.915 1.1757 
30 0.6906 -0.7845 -0.8706 12 . 05 8.675 0.179 1. 3603 
31 0.5553 -0.6065 -0.6905 15.42 
* 
-5.910 1. 0738 
32 0.6888 -0.7797 -0.9393 11.99 8.744 0 .267 1.4016 
33 0.6224 -0.6942 -0.7797 15.69 
* 
-5.926 1.2154 
34 0.5529 -0.6012 -0.7473 15.45 
* 
-6.217 1.1071 
35 0.6934 -0.7925 -0.733 1 12.08 8.739 0.280 1.2830 
36 0.5584 -0.6148 -0 .5758 15.31 
* 
-5.130 1.0106 
· FliiEditing: AQTH.007 L 194 c 1 I A 
36 0.5584 -0.6148 -0.5758 15.31 
* 
-5.13 0 1.0106 
37 0.6919 - 0.7882 -0.8015 11.91 8.801 0.209 1. 3200 
38 0.6252 -0.7022 -0 . 6 5 35 15.64 
* 
-5.083 1.1450 
39 0.5570 -0.6107 -0.6330 15.06 
* 
-5.475 1.0411 
40 0.6962 -0 .8011 -0.5960 11.87 9.523 0.498 1. 2173 
41 0.5605 -0.6207 -0.4606 15.26 
* 
-4.488 0.9548 
42 0.6950 -0. 7972 -0.6647 11.88 9.053 0.352 1.2491 
43 0.6277 -0.7095 -0.5275 15.65 
* 
-4.443 1.0842 
44 0.5598 -0.6185 -0.5185 15.10 
* 
- 4.787 0.9822 
45 0.5622 
-0.6245 -0.3451 15.27 
* 
-3 .710 0.9084 
46 0.6976 
- 0.8053 -0 . 5274 11.87 9.814 0.556 1.1888 
47 0.6295 - 0.7148 -0.4009 15.87 
* 
- 3 .719 1. 0334 
48 0.5613 -0 .6226 -0.4027 15.18 
* 
-4.090 0.9300 
49 0.6993 -0.81 05 -0.3203 12.68 8.603 -0.469 1.1174 
50 0.5617 -0.6216 -0.2291 14.90 
* 
-3 .393 0.8686 
51 0.7000 -0.8123 -0.3900 12.33 9.597 0.214 1.1410 
52 0.6290 
-0. 7130 -0.2736 15.70 
* 
-3.441 0.9894 
53 0.5628 - 0.6251 -0.2876 15.02 
* 
-3.473 0.8889 
54 0.6863 . ..:a. 78:38 -0.1786 15.62 
* 
-2.847 1. 0570 
55 0.5537 -0.6040 -0.1121 14.32 
* 
-2.863 0.8270 
56 0.6940 -0.8000 -0.2497 13.52 6.305 -1.394 1. 0881 
57 0.6189 -0.6911 -0.1446 15.01 
* 
-3 .017 0.9389 
Fl!IEditing: AQTH.007 L 102 c 1 
DE PHIX NODE PHIY NODE PHIZ 
----------------- -------------------- --------------------
46 0.0195037 322 0.0107206 73 -0.0075311 
31 0.0193089 375 0.0105605 27 -0.0073890 
50 0.0193028 378 0.0103812 23 -0.0073791 
48 0.0192983 491 0.0103267 7 -0.0072750 
39 0. Q~2.~_],_46 503 0.0102192 29 -0.0069153 
40 0.0190526 497 0.0101094 102 -0.0068778 
47 0.0190363 498 0.0100816 75 -0.0066970 
23 0.0189726 504 0.0100716 18 -0.0066730 
82 0.0189697 376 0.0100091 74 -0.0066652 
84 0.0189535 371 0.0099917 25 -0.0066557 
----------------- -------------------- --------------------
************************************************** 
** NOTICE ** ** 
** 
This is a DEMONSTRATION VERSION for sole use of ** 
Sonardyne Ltd ** 
** 
UNAUTHORISED COPYING OR USE IS NOT PERMITTED ** 
************************************************** 
· Fl!IEditing: AQTH.007 L 125 C 1 
PLACEMENTS AT NODES 
'E - (2) THE HISTOGRAM INDICATES THE MAGNITUDE OF THE 
RESULTANT TRANSLATION AT EACH NODE. EACH STAR * 
REPRESENTS 0.3261E-03 UNITS 
(3) A STAR * IN A DISPLACEMENT COLUMN INDICATES THAT 
A CONSTRAINT HAS BEEN APPLIED. 
(4) ONLY STRUCTURAL NODES ARE GIVEN IN THE TABLE 
BELOW 
(5) ROTATIONS ARE GIVEN IN RADIANS. 
•************************************************** 
** NOTICE ** 
This is a DEMONSTRATION VERSION for sole use of 
• Fl!IEditing: AQTH.007 L 148 c 1 
This is a DEMONSTRATION VERSION for sole use of 
Sonardyne Ltd 
** 
** 
** 
** 
** 
** 
** UNAUTHORISED COPYING OR USE IS NOT PERMITTED 
:************************************************** 
iE 1 
IDE 
TRANSLATIONS 
MULTIPLIED BY lE 3 
ROTATIONS 
MULTIPLIED BY lE 3 
I A 
I A 
I A 
RESULT AN 
MULTIPL 
43 0.8156 -0.9552 -0.1481 16.11 * -2.719 
44 0.8448 -1.0174 -0.3712 17.43 * -2.134 
45 0.7712 -0.9120 -0.3454 16.97 * -2.153 
46 0.8377 -1.0031 -0.2973 17.14 * -2.648 
47 0.7698 -0.9078 -0.4867 16.72 * -1.743 
48 0.8445 -1.0159 -0.4437 17.28 * -1.750 
49 0.8363 -0.9930 -0.6571 16.43 * -1.94 7 
50 0.7658 -0.8961 -0.6263 16.21 * -1.996 
, ~ ........ _ -... 
FliiEditing: AQTH.007 L 562 c 1 
50 0.7658 -0.8961 -0.6263 16.21 * -1.996 
51 0.8390 -1.0006 -0.5862 16.66 * -1.796 
52 0.8317 -0.9804 -0.7991 16.06 * -2.238 
53 0.7622 -0.8857 -0.7659 15.95 * -2.260 
54 0.8339 -0.9865 -0.7280 16.13 * -2.131 
55 0.8282 -0.9709 -0.9417 15.86 * -2.611 
56 0.7593 -0.8772 -0.9060 15.81 * -2.634 
57 0.8298 -0.9752 -0.8702 15.92 * -2.503 
58 0.8242 -0.9606 -1.0843 15.79 * -2.819 
59 0.7552 -0.8671 -1.0458 15.82 * -2.820 
60 0.8264 -0.9661 -1.0131 15.78 * -2.738 
61 0.8217 -0.9546 -1.1552 15.80 * -2.964 
62 0.9117 -1.0486 0.0432 12.39 7.490 -2.269 
53 0.8433 -0.9545 0.0585 15.02 * -2.896 
************************************************** 
** NOTICE ** ** 
** 
This is a DEMONSTRATION VERSION for sole use of ** 
Sonardyne Ltd ** 
** 
UNAUTHORISED COPYING OR USE IS NOT PERMITTED ** 
************************************************** 
· Flll Editing: AQTH.007 L 585 
TRANSLATIONS 
MULTIPLIED BY lE 3 
E 1 
•DE 
:BER UX UY UZ 
c 1 
ROTATIONS 
MULTIPLIED BY lE 3 
PHIX PHIY PHIZ 
1. 264 7 
1.3735 
1. 2433 
1.3402 
1.2859 
1. 3936 
1.4550 
1. 3348 
I A 
1. 3348 
1. 4314 
1. 5137 
1. 3972 
1.4827 
1.5860 
1.4720 
1.5482 
1.6666 
1. 5543 
1. 6256 
1.7091 
1. 3902 
1. 2750 
I A 
RESULT AN 
MULTIPL 
u 
----------------------------------------------------------------------------
64 0.8937 -1.0047 0.1199 11.72 7.858 -2.415 1.3500 
65 0.9442 -1.1262 -0.1121 13.42 7.853 -1.986 1.4739 
66 0.8729 -1.0247 -0.0927 16.18 * -2.923 1.3493 
67 0.9284 -1.0890 -0.0343 12.96 7.710 -2.094 1. 4314 
68 0.9739 -1.1938 -0.2691 14.24 8.492 -1.621 1. 5639 
69 0.9001 -1.0855 -0.2455 17.27 * -2 .961 1. 4313 
70 0.9594 -1.1616 -0.1905 13.95 8.137 -1.892 1.5186 
71 0.9953 -1.2363 -0.4245 14.20 9.992 -0.207 1. 6430 
72 0.9192 -1.1251 -0 .3975 17.87 * -2.124 1. 5062 
.73 0.9866 -1.2210 -0.3473 14.50 8.892 -1.233 1.6077 
.74 0.9153 -1.1125 -0.5443 17.40 * -1.567 1.5400 
.75 0.9942 -1.2308 -0.4999 13.81 10.56 0.523 1. 6593 
.76 0.9797 -1.1921 -0.7201 12.83 10.01 0.706 1 .7028 
.77 0.9076 -1.0917 -0.6884 16.67 * -1.837 1. 5778 
.78 0.9846 -1.2046 -0.6471 13.06 10.38 0.784 1.6850 
I F111Editing: AQTH.007 L 608 c 1 I A 
:78 0.9846 -1.2046. -0.6471 13.06 10.38 0.784 1.6850 
:79 0.9721 -1.1732 -0.8664 12.52 9.323 0.497 1.7527 
80 0.9017 -1.0763 -0.8326 16.18 
* 
-2.188 1.6324 
81 0.9756 -1.1819 -0.7931 12.62 9.627 0.560 1.725 6 
82 0.9669 -1.1601 -1.0136 12.26 9.050 0.357 1.8188 
83 0.8975 -1.0653 -0.9776 15.88 
* 
-2.566 1.7018 
84 0.9693 -1.1661 -0.9399 12.37 9.120 0.354 1.7840 
85 0.9622 -1.1482 -1.1613 12.20 8.770 0.295 1.8955 
86 0.8932 -1.0544 -1.1228 15.76 
* 
-2.813 1.7805 
87 0.9646 -1.1541 -1.0875 12.18 8.832 0.302 1. 8560 
88 0. ~52.~- - -1.1423 -1.2352 
-
12.20 8.647 0.255 1.9370 
89 1.0996 -1.3395 -1.1063 15.67 
* 
1. 037 2.0560 
90 1.0264 -1.2325 -1.2774 15.68 
* 
1. 069 2.0505 
91 1. 0971 -1.3332 -1.1761 15.51 
* 
0.963 2.0891 
92 1.0309 -1.2438 - 1.1338 15.68 
* 
1.097 1.9737 
93 1.2372 -1.5312 -1.0513 15.60 
* 
1.071 2.2317 
94 1.1632 -1.4222 -1.2144 15.40 
* 
1.157 2.2024 
95 1. 2340 -1.5231 -1.1172 15.44 
* 
0.895 2.2563 
96 1.1683 -1.4351 -1.0788 15.62 
* 
1. 259 2.1421 
97 1.1055 -1.3545 -0.9666 16.01 
* 
1.209 1.9978 
98 1.1024 -1.3465 -1.0365 15.74 
* 
1.126 2.0255 
99 1. 0361 -1.2569 -0.9902 15.93 
* 
1.155 1.9062 
00 1.2454 -1.5521 -0.9194 16.12 
* 
1. 310 2.1922 
01 1.2411 -1.5411 -0.9854 15.85 
* 
1.149 2.2105 
F111Editing: AQTH.007 L 79 C 1 I A 
PLE OF LARGEST DISPLACEMENTS 
... """- · - --
----------------- -------------------- --------------------
DE ux NODE UY NODE uz NOD 
----------------- -------------------- --------------------
40 0.0019265 640 -0.0026190 281 -0.0013090 64 
50 0.0019225 650 -0.0026078 390 -0.0012774 65 
20 0.0019149 320 -0.0025889 334 -0.0012674 32 
16 0.0019087 648 -0.0025804 324 -0.0012458 61 
59 0.0019001 616 -0.0025682 388 -0.0012352 55 
48 0.0018998 559 -0.0025407 321 -0.0012259 64 
29 0.0018876 639 -0.0025268 394 -0.0012144 62 
26 0.0018749 629 -0.0025101 331 -0.0011843 62 
39 0.0018673 626 -0.0024792 294 -0.0011830 63 
46 0.0018286 646 -0.0024576 391 -0.0011761 63 
----------------- -------------------- --------------------
----------------- -------------------- --------------------
DE PHIX NODE PHIY NODE PHIZ 
Additional Notes on Axis Rotation in PAFEC 
The principal material directions (XP, Y P and ZP) of an orthotropic laminate are defined in 
terms of3 rotations. In the LAMINATES module, these are designated ANGl , ANG2 and 
ANG3, and denote rotations about the z axis, the new y axis and the new x axis in that order. 
To quote ttie"Data Preparation Manual: " ... the material principal axes should be oriented so 
that the Zp direction is through the thickness. If this is not so, then P AFEC rotates further .. .If 
the rotation thus required is greater than 10°, then a warning is given.". Note that warnings 
don't necessarily mean that your calculation is wrong, but you should check all orientations. 
The main practical difficulty is that the rotations have to be performed in the above order. As 
an example, consider a rectangular cantilever with a point load on the end. The laminate is 
2 mm thick with lay up [0,45,-45,90]5 . 
If the cantilever is flat in the x-y plane (z = 0), then ply orientations are defined only by ANG 1: 
Z · 
'{ ~' -:;( 
e = AJ\JCr1 
LAMINATES 
Nill.1BER ORTHO LOWER UPPER AXIS ANG 1 ANG2 ANG3 
1 1 -1£-3 -.75E-3 1 0 0 0 
1 l -.75E-3 -.5E-3 1 45 0 0 
1 1 -:5E-3 -.25E-3 1 -45 0 0 
l -.25£-3 0 1 90 0 0 
1 0 .25E-3 1 90 0 0 
I .25£-3 .5E-3 l -45 0 0 
1 1 .5E-3 .75£-3 1 45 0 0 
1 1 .75E-3 1E-3 1 0 0 0 
If the cantilever is orientated in some other plane, additional rotation(s) are required to bring 
the laminate through-thickness direction in line with the global z axis. Suppose the cantilever 
is flat in the x-z plane: 
y 
~?==------+-'------[! _____,;? 
e .,1-----d 
z 
8 
In general, we can define a principal direction at angle () to the x axis by the following 
rotations: 
z q 
ANG3 = 90 ANG1=0 ANG2 = 0 ~ 
The data module for the cantilever now looks like: 
• • •1\o! · ~· ~~ ..... ~~ . - ~:~7"';\~.; .. LAM!NATES r~~~NiJMBER ORTHO LOWER UPPER AXIS ANG l ANG2 ANGJ 
- .. ~ . . .· 1 
- IE-3 -.75£-3 I 0 0 90 
·· ~· .;."!t · · 1 1 - .75E-3 -.SE-3 1 0 45 90 
. 
- .5£-3 - .25E-3 1 0 -45 90 1 1 
- .25E-3 0 I 0 90 90 1 I 
1 1 0 .25E-3 I 0 90 90 
1 .25E-3 .5E-3 1 0 -45 90 
1 .5E-3 .75E-3 1 0 45 90 
1 .75E-3 lE-3 0 0 90 
Note that for the 3rd rotation we could logically choose ANG3 = -90; this would still bring Zp 
into line with the global z axis. If you do, P AFEC generates warnings in phase 6 but 
calculates the correct displacements- I have no explanation for this! 
In some cases, it may be simpler to define another axis set, and specify ply orientations relative 
to this. In the above example, we could create axis number 4 with the following module: 
AXES 
AXIS NO RELAXIS ANG 1 ANG2 ANG3 
4 0 0 90 
The LAMINATES module then becomes: 
LAMINATES 
NUMBER ORTHO LOWER UPPER AXIS ANG1 ANG2 ANG3 
1 - 1E-3 - .75E-3 4 0 0 0 
1 -.75E-3 - .5E-3 4 45 0 0 
1 -.5E-3 -.25E-3 4 -45 0 0 
1 -.25E-3 0 4 90 0 0 
1 0 .25E-3 4 90 0 0 
1 .25E-3 .5E-3 4 -45 0 0 
1 .SE-3 .75E-3 4 45 0 0 
.75E-3 lE-3 4 0 0 0 
I 9 
' 
~ \ 
4.22 
Thick shell element 46210 and 46215 
Description 
Applications 
Theoretical Basis 
4 .58 
8 
3 
6 7 
5 
This is a generally curved thick shell element with eight 
nodes that define the middle neutral surface of the shell. 
This element is of the 'Ahmad' type, having three 
translational and three rotational degrees of freedom at each 
node. The isotropic elements may have either a constant or 
variable thickness across the elements. The orthotropic 
elements may only have a constant thickness across the 
elements. 
The PROPERTY entry in the ELEMENTS or PAFBLOCKS 
modules refers to the PLA TES.AND.SHELLS module for the 
isotropic elements and to the LAMINATES module for the 
orthotropic elements. 
If thickness in the PLATES.AND.SHELLS is zero then the 
isotropic elements take modal thickness values from the 
NODES module. The midside node thickness values are 
interpolated from corner node values if they are omitted. 
The thick shell element can be used in generally curved and 
folded shell problems for the intermediate range between 
full three dimensional and thin shell behaviour. Membrane 
and bending actions are included with the effects of shear 
deflections. 
The element is based upon a degenerate three dimensional 
analysis to incorporate transverse shear effects. The effects 
of direct stresses through the thickness of the shell are 
neglected. The element uses reduced integration technique 
with explicit integration through the thickness. This allows 
the element to perform well in some thin shell situations. 
Each node of the element has six degrees of freedom 
although some degrees of freedom become redundant when 
the element is flat. For the orthotropic elements the material 
principal compliance- in the XY plane and the shear 
compliances must be given non-zero values. 
Limitations 
Output of stresses 
Related elements 
-..... 
The element must not be wildly distorted. The element must 
not be used where a full three dimensional stress field has 
developed or where a shell is very thin (see chart under 
45210 element). Thickness variation within the element 
should be kept reasonable otherwise rapid displacement 
variations might occur which thd. element may not be able 
to model well. : 
r 
For isotropic elements the principal stresses are calculated 
at the nodes of the element and these are printed at the top, 
middle and bottom surfaces. 
For orthotropic elements the· stresses are given in the 
material principal directions. 
3 3 
2 
4 4 
46110 46115 
2 
4 .59 
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General arrangement plan of 2 bladed Bseries .propellers 
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I F'or blade outline of 8 2- series see table 
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Gener al arrangement plan of 3 bladed 8 series propellers 
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For blade outline of 8 3-series see table 
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General arrangement plan ot 4 bladed 8 series propellers 
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General arrangement plan ot 5 bladed 8 series propellers 
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General arrangement plan of 6 bladed B series propellers 
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======-!...!Appendix 10 
Training courses attended. 
Training Courses: 
March 1993, 
WEGEMT Composite materials in maritime structures, 
5 day course. 
Southampton University. 
March 1994, 
1 day seminar, 
Applications of composite materials in the marine industry, 
The Institute of Marine Engineers. 
June 1996, 
Atomic Energy Authority, Oxford, 
1 day seminar; Design with composite materials. 
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EDUCATION AND TRAINING IN COMPOSITES 
FOR THE MARINE INDUSTRY 
S.M. Grove, T. Searle and D. Short 
Advanced Composites Manufacturing Centre 
School of Manufacturing Engineering 
University of Plymourh, 
Drake Circus, Plymourh, Devon PIA &4A, UK 
ABSTRACT 
The marine industry has used natural composites since man frrst decided to leave the 
land and venture on to the sea. Metals have also been used in specialised areas such 
as anchors and weapons, but their use increased dramatically in the early 19th century 
as costs fell and availability rose. 
If industry is to return to using composite materials (man-made rather than natural) then 
a cultural change in engineering thinking is required. Without this, the use of these 
materials will never progress beyond the glass fibre-reinforced plastic (GRP) products 
of the small boatyard, and they will not take their place as viable engineering materials 
with their advanced capability at the disposal of the marine engineer. 
The successful and economic use of composites requires a greater level of interaction 
and integration of design, materials selection, manufacture and quality assurance than 
is currently practised in general engineering. These aspirations have been expressed 
many times over the last 10 years or so, yet they remain unfulfilled in many industrial 
sectors. 
For the marine industry to exploit more fully the use of composite materials, certain 
facilities for education and experience in the use, design and processing of composites 
are required. The present provision of courses and skills training in the UK is 
discussed. The paper also presents the results of a study into the training and technical 
support needs of the composite boat building industry in south-west England. 
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INTRODUCTION 
Composites have always been important materials for marine applications, from natural 
composites such as wood, to modem fibre-reinforced plastics such as GRP. Our 
definition of 'composite' encompasses any material in which two or more constituents 
have been combined (macroscopically) with the intention of creating unique properties. 
Usually the constituents are a reinforcement (e.g. s_hort, long or continuous fibres or 
particles) ana-'imatrix (a thermoplastic or thermosetting resin, metal or ceramic). 
Composites have to be understood in the general context of engineering materials - a 
given application does not necessarily demand composites as the most appropriate 
solution. Materials selection should be free of prejudice; with the engineer specifying 
the most effective and economic solution possible. On the other hand, it must be 
appreciated that composites are unique materials, and present both the designer and 
manufacturer with a unique set of problems and opportunities. At the core of these is 
the fact that one does not purchase 'off the shelf properties- the ultimate performance 
of the composite component depends on the ability of the manufacturer to combine 
fibres and resin in a controlled, repeatable process in which both the shape and the 
material properties are generated simultaneously. 
Commonly used composites (GRP or CFRP) give the engineer not only a lightweight 
moulding material, but can also open up many new design possibilities if the anisotropic 
potential of long or continuous fibres is exploited. Like all laminated materials, 
composites are liable to have relatively poor properties if subjected to-through-thickness 
tension or peel, and this is a further factor for the designer to consider. 
There is thus a continual need for education and training of personnel at all levels, and 
this should be seen as a permanent feature of any professional career. This will be due 
to: 
• the rapid growth of applications, as composites become more widely used 
• the development and introduction of novel materials 
• changing economic, political and environmental constraints on the use of 
composites 
We interpret 'education and training' in the widest sense - from school to higher and 
further education; postgraduate training and research; professional retraining; updating 
and awareness; fire fighting and problem solving. 
Government agencies together with many of the professional institutions are currently 
giving education and training a very high profile. On the one hand, CPD (continuing 
professional development) is now seen as an important component of the engineer's 
career, while quality schemes (such as BS 5750) may demand minimum levels of 
workforce training and competence. 
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TRAINING FOR DESIGN 
Composites in the fonn of GRP are already established in the marine industry for small 
boat hulls; the danger is. that they may become confined to these applications due to 
familiarity and a perceived limitation of potential. There are, however, very strong 
cases for making other components in composite materials - these could include pipes 
and fittings, tanks and containers, superstructure and accommodation modules, bulkhead 
doors;-jiump casings and rotors, propellers and drive shafts. 
If composites are to have a wider penetration into marine components, it will probably 
come about through existing staff in the design office. But this is not as simple a 
process as adding the properties of another metal to the data base - it requires a careful 
programme of learning. The designer's experience of composites may only have been 
as a 'fun' material in sports equipment, or in esoteric aerospace applications, and he 
may not therefore have considered it in his work thinking. The designer may never 
have worked with the material, except perhaps in the fonn of Isopon used for cosmetic 
repairs. This contrasts sharply with metals, which he has probably bent, cut, turned 
and welded during his training. The designer may be totally unfamiliar with the idea 
of manufacturing a material from fibres and a liquid; metals are always bought 'off the 
shelf' with their properties fixed, and the potential of anisotropy as a design tool has 
never been available. There is also, perhaps, the slight suspicion that light materials 
and structures cannot also be strong or stiff. 
Thus, if the design office staff are going to consider composites along with the other 
traditional materials, they need to feel at home with them. Ideally, the designer must 
neither ignore composites, nor have the impression that they are "the best thing since 
sliced bread". Progress along the path of awareness needs to start at the experience 
level of 'make and try', and it is to be hoped that this would be part of all new 
employees' training. Can we wait for them eventually to reach the Designer's chair? 
Existing designers who wish to exploit these materials effectively need to gain this 
experience rapidly. 
The next stage is crucial for the designer - how to analyse composite structures, making 
the best use of their anisotropic potential. Here a crash course is needed on the 
development of basic properties in composite design and laminate analysis. We have 
found that a carefully constructed course of about 4 or 5 days, and containing the basic 
elements of theory, practical design, manufacture and testing, is sufficient to allow the 
designer to become sufficiently confident to have a go alone. 
'fRAINING_FORMANUFACTURE 
Training for manufacture in composites also needs consideration. If a composites 
manufacturing facility exists in a small company, it will probably be in the fonn of a 
hand laminating shop. In this case, component manufacture will be regarded as a semi-
skilled task that is time consuming, unpleasant, wasteful of material and of variable 
quality. Thinking in this department needs a radical change. Firstly, all personnel 
involved must be made aware that they are not only producing the component, but also 
making the material. Hand lay up is a skilled process that requires continuous 
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monitoring of materials and self-monitoring of the operative, if efficient material usage, 
designed properties and consistent quality are to be achieved. 
If tighter control of properties and quality or more versatility in part shape and size is 
required, then other manufacturing processes must be considered. More stringent 
health and safety requirements may also be a factor influencing change. The 
installation and successful running of a new proces~ is not trivial - understanding and 
experience -rs- -necessary to produce good components. Too often equipment is 
abandoned unused in a corner; not because it was no good, but because it was obtained 
with the idea that merely pressing a button or two would produce quality products first 
and every time. 
Components of consistent quality can only be produced by a carefully thought out, well-
run manufacturing system. Because the interaction between the design and manufacture 
of composites has to be much closer (due to the many interacting variables such fibre 
type, form and orientation, resin additives and cure characteristics), the structure should 
ideally be product driven. However, since the structure is more likely to be function 
oriented, just as the designer needs a clear working knowledge of manufacture, so the 
production staff need a clear working knowledge of design. The initial course 
suggested for the designer would also be appropriate for personnel involved in 
manufacture; it would also be particularly valuable for both sides to share a common 
introductory experience of composites. Both sides also need to be involved in the 
understanding of 'fitness for purpose'. 
These are the starting points for designer and manufacturer. Specific requirements will 
need to be met for special designs and different processes. 
EDUCATION AND TRAINING PROVISION 
As well as producing graduate and postgraduate engineers, the University of Plymouth 
has been encouraging Technology Transfer in the form of short courses and workshops 
for 6 years in the general field of polymer composites manufacture. To date, nearly 
900 delegates have attended a range of courses at Plymouth, although numbers have 
reduced markedly during the recent recession. It is hoped that benefits from this 
activity work both ways - industry is given a non-threatening learning environment, 
while academics enhance their awareness of the real world outside the campus. 
All educational providers must continuously assess their provision of services in the 
light of their customers' requirements and their competitors' wares. In a survey carried 
out 3 years ago.tll, .we identi.fied.l9..institutions .that offered short courses for the post-
experience industrial client. They ranged from the City and Guilds Certificates in GRP 
to postgraduate level courses in advanced automotive and aerospace materials such as 
metal and ceramic matrix composites. We felt at the time that there may have been 
duplication in some areas- in 1990, at least 6 introductory courses were being offered 
in advanced composites. It was also evident that the emphasis in provision (at least at 
the Universities and former Polytechnics) was on the graduate professional engineer, 
and, with one or two exceptions, few courses were intended for technical or operator 
staff. 
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We have repeated our survey in 1992/93 (the authors would be pleased to supply a copy 
on request). Perhaps surprisingly, in view of the general recession, most University 
providers have maintained their presence in the market place. The most significant 
change has been the increase of interest in academic qualifications for modular, part-
time study. Several institutions' short courses form free-standing components of a 
diploma or higher degree, with each course carrying academic credit. This move has 
been facilitated by CATS (the Credit Accumulation and Transfer Scheme), whereby a 
paiHinfe student can accumulate academic Credits over a number of years, if desired 
from more than one institution. Having gained sufficient credits at the appropriate 
level, they may be 'cashed in' for the relevant qualification. Many first degrees are 
now modular in structure, thus opening a wide range of qualifications to the part-time 
student. At a lower level, NVQs (National Vocational Qualifications) are becoming 
more widely accepted. 
Little has so far been achieved in terms of closer cooperation between the higher 
education providers, although we are still pursuing plans to establish a network to 
facilitate the distribution of information and to explore the possible benefits from joint 
marketing of courses. In our experience, the industrially oriented short course still sits 
uncomfortably in the new tlniversity's portfolio. Much greater emphasis is being 
placed on research and increasing full-time undergraduate student numbers. These are 
seen (perhaps rightly) as the core educational business, and the less tangible benefits 
that accrue from CPD provision tend to be ignored. We still await a commitment to 
Technology Transfer in our University Mission Statement. 
The provision of skills training for operators and technicians is still lacking. At 
present, there is perhaps a surplus of skilled persoMel, but this situation could change 
rapidly if and when the lJK emerges from recession. The use of NVQs has begun to 
make an impression, but it has to be remembered that these provide a system for 
measuring competence - they do not provide a syllabus for training. It is still necessary 
for employees and supervisors continuously to review their training needs and to plan 
for the future. 
TECHNICAL NEEDS OF THE BOAT BUILDING INDUSTRY 
Our geographical location in Plymouth places us close to a large number of small boat 
building companies. This is an industrial sector with which we have frequent but 
irregular contact through companies' requests for laminate testing or 'instant solutions' 
to immediate technical problems. Pursuing our general interest in Technology Transfer, 
we carried out a limited survey of boat builders in south west England, with financial 
support from the DTI, BristoL The .survey. .sought. information in 3 areas: 
1. What materials and processes are currently in use? 
2. How do companies obtain information on new materials and processes? 
3. What are the training and updating needs and how might they be met? 
A total of 32 questionnaires were returned out of 60 sent. In some cases, contact was 
made on the telephone. 
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The South West has one major boat builder (Marine Projects, Plymouth) employing 
over 800 staff. Most companies, however, are small -nearly half of the organisations 
surveyed have less than 10 employees. One company in. five reported that their 
business was primarily repair. 
The type of work carried out appeared to be spread evenly across a range of markets 
(sport, work, fishing, yacht and dinghy), with most boats falling into the 10'-30' 
monohull category. As expected, the most common construction is hand laid up GRP 
in female moulds, but there is some evidence of more advanced materials. For 
example, 9% of builders used honeycomb, 21% used carbon fibre and 15% post-cure 
their laminates. 
Builders were asked how they gained knowledge about materials and techniques. 
Almost all the companies drew on their own experience, and between 50% and 70% 
relied on literature, designers' specifications or information from the materials 
suppliers. Less than 20% made use of courses or consultancy services. 
The attitude towards innovation was only moderately encouraging. Less than half of 
all builders said they would find information on new products of use; 30% would seek 
information on materials selection. In terms of technology transfer methods, 48% 
favoured on the job training, 33% visits from consultants and 30% training manuals and 
other literature. 
The dilemma seems to be that boat builders would welcome highly targeted, in-house 
training, but are not able and/or willing to pay commercial rates for it. 
Further points emerged from follow-up interviews: 
• Some boat builders have diversified due to the current state of the marine 
market. 
• There has been an increase in the number of disputes between builder 
and client over fitness for purpose of the product. 
• There is a reluctance to seek help from third parties - better to keep quiet 
about problems. 
• Builders are often reluctant to carry out quality checks, property 
measurements or to keep fully documented records. 
• There is little. desire, .resources_ or_ external . encouragement to extend 
process capability beyond hand lay up, although some boat builders have 
adopted spray techniques. 
• The industry feels that leisure products (i.e. boats) do not justify the 
additional expense which expert advice would incur. 
• Any educational or training programme needs to be specifically tailored 
to the requirements of individual companies. 
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• There is a Jack of mutual confidence and trust between designers and 
manufacturers. 
• Investment in technical advice and support is often seen as an 
unacceptable expense, which only results in a less competitive product. 
The advantages of long term investment are not recognised. 
CONCLUSIONS 
There is now a range of University-based short courses available to the engineer which 
will provide an introduction to design and manufacture with composites. Many of these 
courses now carry academic credit and can contribute to a part-time higher degree. 
Although a few are targeted towards specific applications, most fall into the category 
of 'education' rather than 'training', and are intended to increase awareness on new 
materials and processes rather than to impart specific sk:ills. 
The small boat builder can rarely afford the luxury of a 3 or 4-day introductory course. 
Technology transfer in general, and education and training in particular; are only 
perceived to be of use if they address some identifiable need or problem within the 
company - medium of long term staff development is not a practical option for most 
small employers. 
However much academics and educationalists may bemoan the Jack of a learning culture 
in UK industry, we must accept the reality of the economic constraints facing small 
companies. As a technological university, we wish to be of value and service to local 
industry, and must therefore be responsive to its needs. The Government appears to 
be encouraging stronger partnerships between industry and educational establishments 
[2]. It has also suggested a network of 'One Stop Shops' to provide access to technical 
services. We believe that the higher education institutes have an important role to play, 
by providing regional 'Technology Shops' - rapid-response centres providing focused 
technical information, testing services, advice on training, etc. Small companies also 
need encouragement to become involved in networks for sharing information and 
experience among themselves - there is a natural reluctance to let the competition know 
what your problems are, but the potential benefits are considerable. Local educational 
establishments, in partnership with TECs, have a contribution to make, by acting as a 
catalyst for communication and offering neutral territory on which this can take place. 
REFERENCES 
l. S.M. Grove and D. Short. Educarion and Training for Quality. Proc. 
seminar: Quality Control in Composites Manufacture, Leicester, 1990. Rapra 
Technology/ Butterworth Heinemann. 
2. Realising our Porenrial - a srraregy for science, engineering and technology. 
Cmnd 2250, May 1993. HMSO, London. 
· .. , 
Tbo lmpocl of Now Teclulology oo tbo Marino lndllllrieo • 13, 14 ODd 1.5 September 1993 Paper: 38 Page: 7 
Notes for 
EDUCATION AND TRAINING IN COMPOSITES FOR THE MARINE 
INDUSTRY 
Page: 8 Paper: 38 1bo Impact of New TeclllloiOJY oo lbe Marille IDdullrica- 13, 14 a.ad 15 September 1993 
PROCEEDINGS OF THE 
INTERNATIONAL MARITIME CONFERENCE 
THE IMPACT OF NEW 
TE.CHNOLOGY ON THE 
MARINE INDUSTRIES 
September 13th, 14th and 15th 1993 
at 
- The Warsash Campus, Southampton Institute, Warsash, UK. 
Organised and sponsored by: 
Southampton Institute Maritime Division 
·Southampton Institute 
qf H-igher Education 
THE COMPOSITE PROPELLER 
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ABSTRACT 
For some forty years the use of fibre reinforced plastic (FRP) composites has been 
steadily increasing in the marine industry. The synergy of high modulus, high strength 
fibres and polymer matrices have benefits that are discussed. The design of a propeller 
in a composite material allows for design features not possible with isotropic metals. 
The effect of being able to tailor propeller blade deformation for different vessel 
operating conditions is one of them, this has implications for fuel efficiency and 
manoeuvrability. A significant weight reduction of 75% over the equivalent bronze 
propeller will give a reduction in vibration and faster acceleration of the propeller to 
the desired speed. The design of any structure requires assessment of the loads 
imposed upon it. For initial design of the composite propeller, determination of blade 
loads was by Taylor's classical cantilever beam method. Experience of the manufacture 
of composite propellers to date has shown resin transfer moulding (RTM) to be a 
suitable process. This produces a net shaped component which only requires minimal 
finishing. Experimental evidence and computer analysis has shown some possible 
composite fibre layups to be effective at supporting significantly higher loads than those 
predicted by the theoretical model. 
INTRODUCTION 
It was estimated that during 1985, 10 000 tonnes of polyester resin was used in the 
U.K. marine sector alone, Marchant [1]. Some sources have predicted that globally, the 
use of composites will over take the use of steel by the year 2010 Flower [2]. 
For several decades use of fibre reinforced plastic composites in the marine industry has 
been increasing. The degree of sophistication is variable, depending on the application 
and cost constraints. 
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The number of novel applications for composites is increasing. The marine industry 
presents a varied range of applications that lend themselves to a redesign in a composite 
material, to gain design, performance and manufacturing advantages over conventional 
materials. 
WHAT ARE COMPOSITES ? 
Composite materials embrace a wide range of materials; for all of them the same 
definition holds true: '11u! synergy of two or more materials whose combined properties 
exceed the sum of the individual constitue111 materials properties. 
The interest of this paper is with continuous fibre polymer composites, where the fibres 
are the main load bearing component. Generally, these comprise of high strength, high 
modulus, high aspect ratio fibres, of glass, carbon, or aramid (Kevlar), within a plastic 
matrix, such as polyester, vinylester, epoxy or phenolic resin. 
Many applications of these materials are well established, for example, high 
performance racing yachts or minesweepers. Some more subtle applications are just 
emerging. The manufacture of boat propellers in composite falls into this latter 
category. 
WHAT ARE THE BENEFITS ? 
The important question to ask is, how do composites materials enable better solutions 
to engineering problems ? Composite offer some of the following advantages: 
• High specific strengths 
• High specific stiffnesses 
• Low coefficients of thermal expansion 
• Resistance to environmental degradation 
• Possibility of reduced cavitation erosion, Ladds [3] 
• Non catastrophic failure in fatigue 
• High production rates 
• Healthy production environment 
• Ease of producing complex shapes 
• Ease of repair & maintenance 
• Specific material design to the application 
• The ability to tailor the elastic properties 
• A polymer composite material uses about half the energy to manufacture 
compared to steel or aluminium Richardson [4]. 
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THE RANGE OF POLYMER COMPOSITES 
There is a spectrum of performance requirements for differing structures. Composites 
are tailored and manufactured to meet these. Firstly, in low volume fraction, low stress 
applications, glass reinforced polyester or GRP is most common, usually consisting of 
short fibres of E glass in a chopped strand mat form, laminated in polyester resin to 
give in plane isotropic material properties. 
Typically the glass makes up 20-30% by volume of the material. The cost effectiveness 
of this material in making ~mplex shapes such as a boat hull quickly, with semi-skilled 
labour, has contributed to its popularity as a production boat building material. 
Generally production boats such as cruising yachts built in GRP have not been 
considered as high performance structures. Their manufacture has been correspondingly 
unsophistiated, usually fast hand lay ups, in a workshop environment that has variable 
conditions. Although polyesters can be remarkably tolerant to this hull structures tend 
to be over-engineered to account for the structural inefficiencies and the manufacturing 
variations, they are heavier than need be and more expensive due to the extra material 
being used. 
Secondly, for high performance, more highly stressed applications such as a competitive 
racing yacht, or a fire proof structure, the approach to manufacture is more rigorous. 
The material quality is considered in greater depth in terms of the fibre orientation, the 
fibre volume fraction and the void content of the laminate. 
While this can lengthen the manufacturing process, savings can be made by using less 
material to create a more effective 
structure. The product may also have 
LOAD a longer service life and will certainly 
-=~~---- be lighter. Many companies are 
Figure 1 
recognising this and are introducing 
more sophisticated laminates into their 
products. Foam cores are being used 
to make sandwich structures and 
woven glass cloths are replacing 
chopped strand mats. For example, in 
production boat building if woven E-
glass & kevlar is used to replace 
chopped strand fibres then for the 
same application the structure is 
stronger, costs the same and is 40% 
lighter, Marchant [1]. 
DESIGN POSSmiLITIES WITH 
COMPOSITES 
Many industrial sectors have been 
quick to recognise the design freedom that anisotropic (directional), continuous fibre 
reinforced plastics have to offer. For example, the aircraft and sports industries have 
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demonstrated improved product performance. A fighter aircraft with a sophisticated 
composite airframe can manoeuvre tighter and faster, and a tennis player can hit a ball 
harder with a lighter, stiffer carbon fibre racket. 
Composites offer design variables not possible with isotropic materials. Two composite 
structures can be produced of the same weight, geometry and the same material, 
however their elastic properties can be different. Figure 1 shows how a cantilever beam 
twists under-load depending on the fibre orientation. The stiffness of a beam like this 
in bending can also be tailored by changing the stacking sequence of different fibre plies 
that have different fibre orientations, but the tensile properties remain the same. This 
uniqueness of composites is useful ·for many structures, not least propellers. This 
property of hydroelastic tailoring allows the propeller blade to deform to advantage 
during use. 
Recent research, Flower [2] has shown that as the complexity of a component increases, 
so composites become progressively more cost effective. Propellers have inherent 
complex geometry, added to which present propeller manufacture by casting in sand 
then finishing by hand is labour intensive. 
The following list summarises the possible advantages of producing propellers m 
composites. 
• Reduced production costs 
• Component longevity 
• Reduction in cavitation damage, Ladds [3] 
• Damage tolerance & ease of repair 
• No corrosion 
• Possible reduction in fouling 
• Easier maintenance 
• Higher manufacturing yield 
• New shaft attachment possibilities 
• No need for painting, (as in the case of aluminium propellers) 
• Introduction of designed deformation of propeller blades under load to achieve 
greater hydrodynamic efficiency 
• Significantly reduced weight, perhaps as high as 75%. This should mean a 
Thrust 
reduction tn 
Centrifugal direct load vibration , a 
Torque 
smaller prop shaft 
and faster 
acceleration to the 
required speed. 
Associated with 
this is reduced 
bearing wear . 
.....__ _ Figure 2 Major loads on a propeller -----J 
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PROPEIJ.ER LOADING 
Before the structure of the propeller can be designed, a sound analysis of the loads it 
is subjected to is required. The foundations of this were laid in 1910 by Taylor [7]when 
he published work on a method to reduce to rule the stresses upon propeller blades. In 
his method he treated the propeller blade as a simple cantilever beam acted upon by 
thrust, torque, centrifugal bending and cen~fugal direct loads ( Figure 2) . 
. . ~·- --
This approach is necessarily an approximation to what actually happens to a propeller 
in use, Carlton [5] has recently developed this into a readily applicable method. From 
the sum of these loads the stress at the root of the propeller can be approximated: 
uld&l = O'duult + 0'~ + O'~u '-dial - + 0' ~u direct loed + 0' 1 
The stress u J., includes loads due to weather and impact with debris and must generally 
be dealt with by a suitable factor of safety and information from experimental impact 
testing. The stress due to centrifugal loads usually contribute between 5 and 20% of the 
overall stress. Figure 3 (Carlton) shows how thrust and torque loads are distributed 
along the blade length. Since the blade is loaded primarily in bending, the greatest 
stresses will be at the outer fibres of the root section. 
For a small 3 bladed propeller of 12 inch diameter, 18 inch pitch with no blade rake, 
on a vessel travelling at 7 knots from a 20 horse power engine, the approximate 
theoretical loads can be shown to be: 
Load Componenr Bending momenr Stress at root 
Thrust 28Nm 26MPa 
Torque 13Nm l2Mpa 
Centrifugal 0 0 
bending moment 
Centrifugal direct. 0 lMPa 
stress 
Total 41Nm 39Mpa 
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Load 
Root 
Distribution of blade 
thrust, acting at 0.7r [a] 
Distribution of blade torque, 
acting at 0.66r [b] 
Radius 
Tip 
Figure 3 Distribution of loads along the length of a 
propeller blade 
MATERIAL DESIGN 
With an estimation of the loads on the propeller the composite structure can be tailored 
to support these loads. The structural requirements of the propeller can be summarised: 
1. To produce a structure to support the theoretical loads with a margin 
for unknown loads (factor of safety). 
2. To produce a structure which can be effectively manufactured. 
3. It must be cost effective. 
4. The material should be tailored to have the desired elastic properties. 
Deformation mm Load vs. Deformation 
: :~: :e::c•~J-d:4~E:: ] : ::1 
To obtain initial material 
properties, laminate 
analysis software is used. 
A number of commercially 
available packages are 
available to perform this 
analysis. "Genlam" from 
"Think Composites" 
models a unit square plate rr T : 
o~-...L.+---+-----11----+---+-----+ of uniform thickness. This 
o 5oo 1000 1500 2000 2500 3000 can be scaled to 
LoadN approximate the 
t___ __________ Figure 4 dimensions of a propeller 
blade. Properties of the 
chosen laminate, the loads developed in each ply of material and the deformation under 
load can be shown. For example, the material used for some of the propellers 
manufactured so far consists of 24 plies of unidirectional glass and 4 plies of quadraxial 
glass in epoxy resin, giving a material thickness of 12mm. These plies drop away from 
the root area of the blade. Figure 4 illustrates the deformation of this laminate under 
a bending moment, (shown on the graph as a direct load). The next stage to the analysis 
is to use the properties generated with laminate analysis software in conjunction with 
a finite element model. The precise elastic behaviour can be predicted this way. 
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MANUFACTURE 
The overall success of a component such as this propeller depends on the successful 
manufacture of the component to give the designed properties and characteristics. For 
composites, this has not always been the case in the past. Thus much of this work 
focuses on manufacture. The interaction of design and manufacture is essential if the 
full potential of the material is to be realised. 
# ·--- ·- - - • • 
The chosen manufacturing route is Resin Transfer Moulding (RTM), illustrated in 
Resin our Resin in 
~-------------- Figure 5----------------~ 
figure 5. Essentially 
the process uses a 
closed mould into 
which dry 
reinforcing fibres 
are placed. On 
closing the mould 
resin is injected at 
low pressure, 1 or 2 
bar, or the resin is 
drawn in under 
vacuum only, or a 
combination of 
both. This process 
has a number of advantages that make it a good first choice.[6] These include: 
• Low void content 
• Good control of properties, repeatable results 
• Flexibility of mould design 
• Reduction in labour & material waste 
• Clean process, handling of dry fibres 
• Good for volume production 
• Good for large components 
• Quick process 
• Tooling cost is low. 
The manufacture of the component is limited only by the ability to produce a mould. 
RTM offers improved properties to hand lay up. Compression moulding with pre-pregs 
can offer better material quality than RTM but for greater tooling cost and slower turn 
around time. RTM can be used to produce more complex component than compression 
moulding. RTM offers the cost effective method of producing complex parts, [6]. 
Experimentation has shown RTM to be a successful method for producing propellers. 
Work is still required to optimise the process. However so far it has been shown that 
vacuum on its own works well for transferring resin into the mould. Positioning of the 
inlet and outlet ports is crucial and not obvious by intuition. Experimentation has begun 
show the tips of the blades to be the best location of the outlet ports. Volume fraction 
of the fibre is a limiting factor to the successful injection of resin. Local volume 
fractions of greater than 65% fail to wet out with resin. 
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TESTING 
' 
\ Gluetoint & 
Reinforcing fibres 
'------Figure 6 ----------' 
A program of testing is currently seeking 
to establish the fitness for purpose of the 
propellers resulting from this research. 
Laboratory experiments have been 
performed to measure strength and 
stiffness properties. Firstly a 12 inch 
diameter 3 bladed composite propeller 
was tested in a 3 point bend rig. Two of 
the three blades were removed and 
bonded together back to back with some 
reinforcing fibres on the underside 
(tensile) part of the joint to enable the 
test to be perfonned, (figure 6). Care 
was taken that the properties of the blade and not the glue was tested. Secondly a series 
of wedge shaped composite test specimens were manufactured by RTM. These have the 
same section moduli along their length as the blades of the propeller under test. The 
benefit in producing test pieces in this manner was that the structural properties were 
t 
e 
.._ ___ Figure 7 ----------' 
Deformation mm 
5~ -:::::::: :· ·~-~-~~;·~· -~··_::::: :::::.::::::y:::::::::::r:::::-::::1 
4.5 ········ 2 Blade test • · · ·· ········ · ......... .. ! ........... i ~~ ~····· ~~:~~7;+~; ~,i "~ !I · li ii 
0 ' T ' 
0 1000 2000 3000 4000 5000 6000 
LoadN 
CONCLUSIONS 
retained whilst manufacture and 
testing was much easier. The same 3 
point bend tests were performed as for 
figure 6. Figure 7 shows the test. The 
results from both these experiments 
and a representative laminate analysis 
curve correlate well. Deformations are 
small for the theoretical load . 
Future work is to include tank testing 
to establish the efficiency and long 
tenn endurance of the propeller. 
Strain gauges will be used in these 
tests to check the theoretical loads. 
These can be conveniently located in 
the composite during manufacture 
Testing on a small work boat is also 
planned. 
This paper has endeavoured to give an informative outline of a program of research at 
the Advanced Composites Manufacturing Centre and The Institute of Marine Studies 
at The University of Plymouth. The work is pre-competitive, but it has started to show 
the design, operating, manufacturing and cost advantages of redesigning the propeller 
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in composite materials. Figure 8 shows a composite propeller (right) with the bronze 
one that was used to produce the RTM mould. 
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Jomposites offer advantages 
Or pr_Qpellers 
1e benefits of continuous fibre reinforced plastics A s the geometcy of a component 
r the manufacture of marine propellers remain becomes ~ore complicated, ~hen 
rgely unexplored. There are some composite blades generally _tt becomes progressively 
• • • • • more cost effective to manufacture from 
r defence applicatiOns and UlJection moulded composites rather than metals. As propel-
·opellers for outboard motors, but these are the lers are inherently complex in shape this 
:ception. Tim Searle says that work currently being holds true. Generally metal propellers are 
tdertaken by the University of Plymouth, UK, may sand cast, then machined and finished by 
suit in the manufacture of traditional manganese ~and, . resulting in ~ lengthy and labour 
·onze and nickel aluminium bronze propellers mt~nsive man~factunng process. The alter-
. . . • native composite process uses a two part 
.angtng .significantly as the benefits of composites female tool (Figure 1). The composite 
e explmted to a greater degree. mouldings that are produced are geometri-
cally accurate, repeatable and require vir-
------------------------- tually no subsequent finishing other than 
trimming a thin flash from the mould split 
line. Whilst this does require the manufac-
ture of a tool at a greater expense than a 
URE 1: Two 
URE 2: Major loads on a typical propeller. 
Centrifugal direct load 
ntrifugal bending moment 
Thrust 
. REINFORCED PLASI1CS DECEMBER 1993 
sand mould for casting a metal propeller, a 
number of glass reinforced plastic (GRP) 
moulds have been made for this project 
relatively cheaply. Although at this stage, for 
one off propeller designs this has marginal 
economic feasibility, as the numbers increase 
to five or six propellers from one mould, 
manufacture rapidly becomes vecy cost 
effective. Development work to integrate 
the design and manufacture of tooling to a 
seamless computer aided design/ computer 
aided manufacturing (CAD/ CAM) process 
should allow a tool to be produced at a 
greatly reduced cost in the near future. 
In addition to these manufacturing ad-
vantages, there are further benefits that are 
not possible with isotropic metals. For 
example the composite can be hydro-elasti-
cally designed to control the elastic beha-
viour of the propeller blades. Thus during 
operation the pitch of the blade changes as a 
result of the bending moment on it. This 
property has significant implications for the 
overall efficiency and performance of the 
propeller. Currently, tank tests are being 
performed to quantifY this on a range of 
Torque differently tailored composite propellers. 
Other advantages from using composites 
include the following: 
• reduced corrosion; 
• higher manufacturing yield; 
• new shaft attachment possibilities; 
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COMPOSITE MATERIALS 
ARE COMPOSITE PROPELLERS 
the way forward for small boats? 
by Tlm Searle and Davld Shot• 
F or some decades now, the use of fibre re-inforced plastic com-
posites in marine related 
products has been steadily 
growing. Propellers re-
present a relatively new 
area for composites, al-
though a number of 
composite propellers for 
different applications 
have emerged during 
Precompetitive research on using composites 
for propellers of small boats has begun to 
show design, operating, manufacturing and 
cost advantages 
The major benefits, how-
ever, arise in manufacturing 
and the hydro-elastic design 
potential that a continuous 
fibre composite can offer. 
The anisotropy of con-
the past few years. On 
the whole, these are for 
defence applications al-
though some injection 
moulded propellers with 
detachable blades are 
now on the market for 
outboard motors. In 
general, however, it 
seems that the propeller 
market has so far been 
untouched by the bene-
fits of continuous fibre 
reinforced plastics. Per-
haps this is because of a 
prejudice against com-
posites in certain areas 
of the propeller manu-
facturing industry. This Figure 1 A composite propeller installed on a 13 fool work boat 
is due partly to techni-
cal misunderstandings and partly to an 
inherent resistance to change. How-
ever, during the next few years the 
manufacture of propellers, tradition-
ally made from manganese bronze and 
nickel aluminium bronze, may change 
significantly as composites are exploi-
ted to a greater degree. 
Present research at the University of 
Plymouth concentrates on propellers 
for small fishing boats, work boats and 
leisure craft with inboard mounted 
engines, although some work has been 
started to develop composite replace-
ment blades for damaged metal out-
board propellers. 
Manganese bronze and nickel alu-
minium bronze are the usual materials 
for almost all but outboard propellers. 
Changing to a composite would bring_ 
numerous benefits, such as: 
+ reduced corrosion 
Febtvory 1994 
+ a higher manufacturing yield 
+ new shaft attachment possibilities 
+ a significant weight reduction (up 
to 75%) 
+ reduced vibration and a modified 
acoustic signature 
+ a reduction in damage caused by 
cavitation 
+ easier repair 
+ damage tolerance 
+ longevity 
+ a healthier manufacturing 
vironment. 
en-
• Tim Sear le BSc( Hons) is research assistant at 
the AdYanud Composites Marwfacturing Centre 
( ACMC), University of Plymouth. Darid Short 
BSc( Eng), MSc( Eng) MIMechE MIM i.J 
principal lecturer at the ACMC, School of 
ManufaciiUing Materials and Mechanical 
Engineering, Unirersity of Plymouth. Thi.J 
article gire.r an outline of a research progr~ 
which has been running at the ACMC and The 
Institute of Marine Studies ot the University of 
Plymouth since 1991. 
tinuous fibre compo-
sites, not available in 
isotropic metals, allows 
the elasticity of the ma-
terial to be tailored. 
Thus, under a bending 
load the laminate can 
twist as well as bend. 
This property can be 
exploited so that the 
pitch angle of the blade 
can change, in use, as a 
result of the hydro-
dynamic loads on it. 
This property has sig-
nificant implications for 
the overall efficiency 
range and performance 
of the propeller. 
This does depend on 
successful manufactur-
ing techniques to give 
the designed properties 
and characteristics. For 
composites, this has not 
always been the case. 
The interaction of design and manu-
facture is essential if the full potential 
of the material is to be realised, and 
the manufacturing route chosen is 
therefore resin transfer moulding 
(RTM). This process has a number of 
advantages over other composites 
manufacturing processes: 
+ low void content 
+ good control of properties 
+ repeatable component geometry 
+ flexibility of mould design 
+ reduction in labour and material 
waste 
+ clean process, as the fibres are 
handled dry 
+ good for volume production 
+ good for large components 
+ fast processing times compared to 
metals 
+ tooling cost need not be high. 
As the geometry of a component 
69 
becomes more complicated, then gen-
erally it becomes progressively more 
cost effective to manufacture in com-
posites rather than metals. As pro-
pellers are inherently complex in shape 
this holds true. 
The composite process uses a two-
part closed tool. w1illstihis type of tool 
is more expensive than the pre-
dominant sand casting manufacturing 
process for metal propellers, which can 
only be used once, the composite 
mouldings that are produced are geo-
metrically accurate, repeatable and 
require virtually no subsequent finish-
ing other than trimming a thin flash 
from the mould split line. Casting 
metals in sand requires lengthy and 
labour intensive final machining and 
finishing. A number of GRP moulds 
have been made for this project rela-
tively inexpensively. At this stage, for 
one-off propeiJer designs this has 
marginal economic feasibility, but as 
the numbers increase in the order of five 
or six propellers from one mould, 
manufacture rapidly becomes very cost 
effective. It should be possible in the 
near future to integrate the design and 
manufacture of tooling to a seamless 
CAD/CAM process so that tooling can 
be produced at very much reduced cost. 
Essentially RTM can be used to 
produce complex, high quality parts 
very cost effectively when compared to 
the alternatives such as compression 
moulding pre-pregs. A range of pro-
pellers have been successfully- made by 
RTM of glass and epoxy laminates 
with volume fractions of the order of 
50%. Work is currently being carried 
out optimise some of the processing 
parameters to maintain a high yield 
from the process. 
The mechanical loads to which the 
propeller is subjected and the ease of 
manufacture have been the major de-
sign drivers so far. A redesign of the 
geometry for improved hydrodynamic 
performance is pending awaiting the 
results of open water tank tests and 
computer simulations. 
The major loads acting on the pro-
peller can be calculated from known 
parameters relating to the boat and its 
engine, such as the boat's speed, engine 
power and rpm, and the geometric 
details of the propeller. The size of 
these theoretical loads, for propellers 
without high skew, is small by com-
parison to the load carrying ability of 
either traditional propeller materials 
or, for example, a 45%· by volume 
orthotropic E glass/epoxy laminate. 
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Figure 2 Results from performance trials on a composite propeller installed on a 23 foot work 
boat: speed vs rpm ( top) and bollard pull test (bottom) 
The design of the propeller blade la-
minate should also take into account 
criteria that are difficult to quantify, 
such as collisions with objects in the 
water. Work has been done to study 
the effects of large impacts on a variety 
of composite structures. The major 
factor that influences their perfor-
mance is the quality of manufacture. 
Correctly manufactured composites 
can absorb significant amounts of en-
ergy from impacts. 
A programme of testing at the 
University of Plymouth is currently 
seeking to establish the fitness for 
purpose of the propellers resulting from 
this research. Laboratory experiments 
have been performed to measure 
strength and stiffness properties of the 
laminates currently being used and it 
has been shown that for the theoretical 
loads deformations are small. 
Sea trials have been carried out on a 
20 inch three-bladed composite pro-
peller installed on a 23 foot work boat 
with a 40 hp diesel engine, figure I. 
Experiments to measure top speed and 
thrust from the bollard pull condition, 
(ie the thrust generated from the en-
gine and propeller with the back of the 
boat tied to a boiJard) have shown the 
hydrodynamic performance of the new 
composite propeller to be the same as 
that of the bronze one, figure 2. The 
composite propeller has only been de-
signed as a retrofit at this stage, so 
none of the benefits of hydro-elastic 
tailoring have been exploited. As this 
article is being written, tank tests are 
being performed to quantify this on a 
range of differently tailored composite 
propellers and Kr/KQ charts are being 
produced that characterise the effi-
ciency envelopes of these propellers. 
The longevity of the propeller is still 
to be evaluated, although after several 
weeks' use there were no indications 
that the material was unsuitable. + 
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Why composites ? 
. 
• Reduced corrosion 
• Higher manufacturing yield 
• A significant weight reduction (up to 75%) 
• Reduced vibration 
• Reduction in damage caused by cavitation 
• Damage tolerance 
• Healthier manufacturing environment 
• Improved design freedom over traditional materials 
• Low cost manufacturing 
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Design Criteria .... 
loads 
Cost effective manufacture 
Retrofit 
Improved hydrodynamic efficiency 
by hydroelastic tailoring 
E-glass 
Epoxy 
Resin Transfer Moulding 
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Propeller Loading ... 
For the propellers used in trials 
• 20 inch diameter • 7 Knots 
• 12 inch pitch • 945 RPM 
• 3 blades • 38 hp 
• 0.5 DAR 
Centrifugal Load = 430N 
Thrust Bending 
Moment = 174Nm 
I 
Torque Bending 
Moment = 35Nm 
Pie slices show the proportional 
. 
stress at the root 
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Resin Transfer Moulding ... 
Resin in Resin out 
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Adv~ntages of RTM ... 
• Low void content 
• Good control of properties, repeatable results 
• Flexibiiity of mould design 
• Reduction in labour & material waste 
• Clean process, as fibres are handled dry 
• Good for volume production 
• Good for large components 
• Quick process 
• Tooling cost is low. 
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The Mould ... 
9 
Propeller Installed ... 
10 
I 
The Boss ... 
11 
· Testing ... 
• Laboratory Testing 
• Bollard Pull 
• Speed trials 
• Ongoing longevity testing 
• Open water towing tank test 
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Conclusions ... 
• An effective manufacturing route has 
been demonstrated 
• A composite propell~r has been 
shown to have comparable 
performance to the metal o,ne 
• The potential exists to manufacture 
propellers of improved design very 
cost effectively 
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STRUCTURAL MATERIALS IN MARINE ENVIRONMENTS 
The Use of FRP Composites for Ships Propellers 
T. Searle, J. Chudley, D. Short & C.Hodge 
The Advanced Composites Manufacturing 
Centre & Marine Dynamics Research Group 
University of Ply111outh 
Abstract 
Certain market sectors such as the aircraft and sports industries have shown by the improved 
performance of their products, the advantages of using composites. This, in part, is because of the 
advantages of tailoring the anisotropic (directional) properties of the material, as well as, the i ncreascd 
stiffness, reduction in weight, corrosion and manufacturing cost. The design of a propeller in a 
composite material allows for design features not possible with isotropic metals. The effect of being 
able to tailor propeller blade deformation by appropriate fibre alignment and distribution means the 
efficiency of the propeller can be improved. Experience in the manufacture of composite propellers to 
date has shown resin transfer moulding (RTM) to be a suitable process. Tank tests and vessel trials 
have also been undertaken to evaluate the performance characteristics or a range or composite 
propellers. Results are presented in this paper. 
1. The Benefits from Composites 
Composite materials embrace a wide range of materials ; for all of them the same ddini tion holds true: 
The s.vnergy of rwo or more nuuerials whose combined properties exceed the sum of the individual 
constiruent materials properties. The interest of this paper is with continuous fibre pol ymer 
composites, where the ribrcs arc the main load bearing component. Generall y, these comprise or 
high strength , high modulus, hi gh aspect ratio fibres, of glass, carbon, or ar..1mid (Kcvlar) , within a 
plastic matrix, such as polyester, vinylcstcr, epoxy or phenolic resin . Many applications of these 
materials arc \\'ell established. for example, hi gh performance racing yachts or minesweepers. Some 
more subtle applications arc just emerging. The manufacture of boat propellers in composi Le falls into 
this latter category. 
The important question to ask is, ho\\' do composites matcnals enable better sol ut1 ons to engineering 
problems? Composite offer the follow ing advantages: 
• High specific streng ths 
• High specific stiffncsses 
• Low coefficients of thermal expansion 
• Resistance to cm·i ronmental degradation 
• Possibility of reduced ca,·itation erosion Ill 
• Non catastrophic fai lu re in fatigue 
• High production rates 
• Healthy production cn,·ironmcn t 
• Ease or producing complex shapes 
• Ease of rcpa1r & maintenance 
• Specific material design to the application 
• The ability to tailor the elastic properties 
• A polymer composite material uses about half the energy to manufacture compared to steel or 
alumimum [21. 
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2. The Manufacture of Composite Propellers 
As well as the benefits of material properties, the manufacLUring advantages are significant to. When 
the geometry of a component increases in complexity, s,o it becomes more cost effective to use 
particular materials. GenerJ.IIy an increase in component complexity, favours the use of composites 
over metals in terms of manufacturing cost [3]. Propellers have inherently complex geometry, so this 
on its own gives good reason to explore composites for propeller manufacture. 
Generally metal propellers are cast in sand, then machined and finished by hand, resulting in a 
lengthy and labeur- intensive manufacturing process. For high performance propellers, where a 
extremely high degree of geometric accuracy is required, then NC machining is employed. The 
alternative composite process uses a two part RTM tool, rigure I. 
The composite mouldings that arc produced are geometrically accurate, repeatable and require 
virtuall y no subsequent finishing other than trimming a thin nash from the mould split line. Whilst 
thi s does require the manufacture of a tool at a greater expense than a sand mould for casting a metal 
propeller, a number of GRP moulds have been made for this project relatively inexpensi,·ely. 
Although at this stage, for one off propeller designs this has marginal economic feasibility but as the 
numbers increase in the order of five or six propellers from one mould, manufacture rapidly becomes 
cost effective [4]. Development \vork to integrate the design and manufacture of tooling to a seamless 
CAD/CAM process should allow in the near future tooling to be produced of very much reduced cost. 
The NC machining required for propellers where the tolerances are strict shou ld be better applied to 
the production of the mould for one blade. From this the appropriate number of composite blades 
would be produced which arc then joined at the hub. 
In order to define and mould accurately the surface of the propeller, a dosed mould 1s required. Th1s 
limits the process to either compression or Resin transfer moulding. 
RTM has been used to date fur the following reasons: 
• Low void content 
• Good con trol of properties 
• Repeatable results 
• Rexibility of mould design 
• Reduction in labour & material waste 
• Clean process, handling of dry fibres 
• Good for volume production 
• Good for large components 
• Quick process 
• Tooling cost need nut be high 
RTM figure 2 has been used to great effect in the production of aircraft propeller blades [51 and man~ 
components where high structural performance is required. RTM has been dcnwnstratcd 
successfully in the production of a range of small boat propellers during research at The Uni' ers1ty of 
Plymouth. 
In order to achic\'e high quality mouldings wi th RTM, it is essential that the processing parameters 
arc correct. This becomes more critical as the fibre ,-ulumc fraction of the component increases. High 
\'Oiumes of fibre reinforcemen t ha,·c low permeability and reduce the ability of the resi n to permeate 
through the fibre pack. E.\pcricncc has shown that high ,·olume fracti on fibre packs of lo\\' 
permeability can reduce the cons istency of the laminate quality. Crucial parameters include the 
following: 
• Low resin viscosi ty 
• Accurate tooling 
• Careful loading of fibres 
• Fibre \Veave style that is condUCI\'e to resin no\\' 
Resin VIscosity is a dominant parameter. This should be lo\\' enough to allow the res1n to permeate 
the fibre pack and enable fillin g of the mould before the resin starts to gel and. 2 poise has been 
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shown to be an appropriate viscosity for high volume fraction laminates, this can be achieved with 
most epoxies by heating to between 40oc and SOOC. Using ,viscosities of this order enables mould fill 
to be significantly quicker than would be achieved using the same resin at room temperature. This is 
shown more fully in figure 3 where a standard RTM mould has been used with different resin 
viscosities. 
Accurate tooling that seals to a vacuum and maintains consistent dimensions of the mould cavity is 
required. The fibre-plies and pl y drop offs arc defined by-the mould dimensions. If either the mould 
does not close to the same position each time it is used, or the plies are out of position, large changes 
in the fibre volume fractions can occur. A small error in loading fibres into the mould can lead to a 
large change in local fibre volume fraction. A sizable increase in local volume fraction may mean dry 
patch are left. Areas of inconsistent low volume fraction should be avoided as this creates an easy 
path taking resin past and away from areas of fibre not already permeated by resin. A fibre weave 
style can greatly assist the process, fabrics that maintain small channels under the pressure of the 
mould closure, between the fibre tows also increases the reliability of the manufacture. 
Loading the fibres into the mould , is assisted by pre-forming with a thcrmo plastic binder allowing 
accurate placement. These are ali gned to absorb the major loads the propeller is subjected to. 
Therefore the predominant alignment is from the root to the tip, although several tows are placed 
around the blade edges to absorb local impacts.Typicall y the volume fraction is about 50%. So far. a 
manganese bronze boss has been moulded in s1tu within each propell er. This is to enable a reliable 
retrofit of the corn posi te propeller to the boat. 
J .Hydroelastic Tailoring. 
A new set of variables exists with the introduction of continuous fibre composites. not available in 
metals.The designer has greater freedom to tailor many of the properties within the material. No 
longer is geometry, (properties being equal), the only structural variable. But with specific ali gnment 
and distribution of load bearing fibres, within a given geometric envelope, we1ght. elasticity. llexural 
stiffness. failure mode and cost can all be more tightly controlled. 
By aligning fibres at different angles. it can be seen from figure 4 that a twist can be introduced in a 
simple cantile,·er beam. This principle has been used extensively in the aerospace industry to control 
the deformation of fixed wing and helicopter blades [6] . 
This hydro elastic tailori ng has immediate application to marine propellers. The option now exists to 
build a propeller where the pitch can vary in response to the hydrodynamic load upon it. Effectively. 
a controllable pitch propeller with no moving parts. Whilst this will not give the range of pitch that 
clearly a fu ll y CP propeller has. it will allow some efficiency benefits where cost and space restrict 
the propeller to a fixed pitch. The eiTiciency em·clopc on the Kt Kq chart should widen as the pitch 
changes to accommodate different operating conditions. The advantage should also exist to have a 
greater degree of con trol to the onset of cavitation wi th propellers that ha,·c to operate within this 
reg1me. 
4. Tank Testin~ . 
Although work to design a working hydroclastic propeller IS still in its infancy, a number of designs 
ha,·c been successfully tank tested to asses the potential of the concept. 
Fi\'e propell ers. haYing different clastic properties. were used in an open water towing tank test. Each 
propeller was tested at a range of different advance coefficients (J) to determine the thrust coefficients 
(Kt) and torque coefficients ( Kq) and hence the open water efficiency. Each propeller was of the 
design se t out in table I . Fi,·c propellers were tested. each with differen t material propcrll es. 
summarised in table 2. 
• The bronze propeller is included as a control by \\"hich to measure the composite propellers. 
• Propellers 2 & 4 arc not tailored to any particular bending characteristic, however they were not as 
stiff as rhe bronze propeller. 
• Prope ll er 5 was made with a foam core so that it was considerably more elas tic than propeller 3. 
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although both 3 & 5 were designed so that as load is developed on the blade, twist coupled to the 
bending causes the pitch to back off. · 
The aim of the open water test was to determine, in an introductory sense, the effect of different 
blade elasticities on the shape of the efficiency envelope. In allowing the pitch to reduce as the load 
comes on the blade, greater RPM for a given torque should be possible and therefore greater 
efficiency, as the pitch remains course for lower loads. 
Figures 5-8 stiow-(he results of the open water test, each .. compared to the bronze, put onto separate 
charts for clarity. The open water efficiencies have been calculated from the thrust and torque 
coefficients in the usual manner. 
With the exception of the foam sandwich propeller, the composite propellers are all more efficient 
than the bronze at lower 1 values and less efficient at the optimum 1 value. The reverse is true for the 
foam sandwich propeller which has a smaller width to the efficiency curve. 
These results should be taken within the context of their preliminary nature and the scatter on the 
graphs. However, whilst not conclusive in absolute terms, the indications are, firstly that the 
composite propellers are as efficient as their manganese bronze counterparts. Secondly, that it is 
possible to change the shape of the efficiency envelope by altering the elasticity of the material the 
propeller is manufactured from and this could be made high or low aspect ratio, depending on the 
application of the ,·essel. 
5. Sea Trials. 
A boat was used to trial a 20 inch by 12 inch by 0.5 OAR composite propeller . The vessel was a 23' 
GRP work boat powered by a 3lhp continuous or 38hp intermittent diesel engine. The maximum 
engine RPM at top boat speed is approximately 1700 with a gearbox reduction of 1.85 to l. The main 
purpose of the boat is safety cover for student recreation. It can carry up to 12 people plus diving 
equipment The installed propeller is shown in figure 9. 
The aims of usi ng this boat to trial a composite propeller were as follows: 
•To check the boss attachment 
•To check the structural integrity of the propeller 
•To measure the thrust from the bollard pull condition for the composite and bronze propellers 
•To measure the speed ,.s RPM of the boat using the composite and bronze propellers 
A composite propeller was installed and left on the boat for 3 weeks, during which time the propeller 
remained immersed in the water and was used regularly. At the end of three weeks. experiments 
were performed to measure the bollard pull and the speed/RPM characteristics of both the composite 
and bronze propeller figures I 0 & 11 . 
After these tests were performed the propeller was removed for inspection: 
•The boss joint showed no signs of degradation. 
•During the period of immersion no marine gro\\'th occurred. 
•One of the leading blade edges had been slightly scuffed, this was probably due to an impact \Vith an 
underwater object 
•The results indicate, taking into account the scatter on the graphs, that the composite propeller 
perfom1s the same as the bronze in terms of thrust and propelling the boat at top speed. 
The longevity with respect to water absorption. impact damage and marine growth is to be confirmed 
during subsequent experimentation. 
6.Conclusions 
Work reported in this paper is pre-market, however , preliminary studies have indicated that 
potentially, significant benefits exist by manufacturing marine propellers this way. The competiti,·e 
manufacturing process, reduction in \Veight, the ability to tailor the elastic behaviour and reduced 
corrosion should give composite propellers a firm market sector in the near future. 
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Table I The propeller design used in the tank testing 
-- ---
Diameter I:! Inches 
Pitch 141nches 
OAR 0.5 
- ----·-
No. Blades 3 
- -- - ·- -
Table:! Fibre layups for propellers used in lhe tank tesling 
Propeller I Material 
·---- ·-- - ---i------
Fib re 
Volume 
Fraction 
• 
Fibre Alignment 
• One I Manganese B ronzc 
- ·-fli~,-- -t E=GTUss &Epox y-+--48-lk-o--+---Q-u_as_i_ls_o_t_ro-p-ic-· --
Three 1 E-Giass &Epoxy 
I Four 1 
. -·- Fi~e--1 E-Giass &Epoxy 
i I Foam core 
E-Giass &Polyester 1 
I 
35lkJ 
17% 
40 ?c 
Tai lored so that the pitch 
backs orr under load 
Quasi Isotropic 
Tailored so that the pitch 
backs ofT under load 
- - - ----------------
Fig. I The mould for the production of propellers by RTM . 
Resin out Resin in Resin out 
Fig. :! The resin transfer moulding process. 
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Filling of ariRTM Mould Against Time For Different Resin Viscosities 
100 .----:::------==n--------- ::::::=:tr- - c-------
. --~0 />~ a ,a · c c/ • 
Percentage of 60 1// // 
Mould Filled _,- a 
40 0 ~ : 
a 
/ , 
,' 6 . 
.- .. --· -- --·- · - - -- .. 
• 100 C Poise 70 Degrees C 
0 200 C Posic 40 Degrees C 
• 470 C Poise 30 Degrees C 
20 
0 
0 
--'-----~----- __ a_-- ---~ ~.~~-~Po~e 1 ~ ~egre_.~~J 
5 10 15 
Time (Min.) 
Fig. 3 Fi ll times for stanJanJ RTM moul d usi ng uiflcrcnt resi n viscoci tics 
Fibre Orientation 
Fig.4 Differing clas tic properti es for a cantilever beam. 
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Efficiency(%) 
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o Prop. I (Bronze)---------:;1~ 
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• Prop. 3 (Tailored) 
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Fig.5 Open Water Efficiency for the Bronze & Propeller 2. 
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Fig.6 Open Wate.r Efficiency for th.e Bronze & Propeller 3. 
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Efficiency(%) 
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Bronze & Prop 4 
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i 
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404---~----+---~--~----~---+----~--~--~_.~ 
0.6 O.S 1.0 1.2 1.4 1.6 
Advance Coefficient (J) 
Fig.7 Open Water Efficiency for the Bronze & Propcller4. 
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Fig.8 Open Water Efficiency for the Bronze & Propeller 5. 
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Thrust 
tonnes 
Fig.9Thc composite propeller installed 
Bollard Pull Test 
• 
• I 
I 
I 
0.2 ~--- -----·--~~-------+1 _________ 1 ! 
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i 
l 
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.~·· 0 i 
• 
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500 600 700 800 900 
Propeller RPM 
Fig.IO The bollard pul l results 
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Speed vs. RPM 
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The Composite Advantage 
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ABSTRACT 
For some decades the use of fibre 
reinforced plastic (FRP) composites have been 
steadily increasing in the marine industry. The 
synergy of high modulus , high strength fibres 
and polymer matrices have significant benefits 
that are discussed briefly in the first part of 
this paper . 
The design of a propeller in a composite 
material allows for design features not possible 
with isotropic me tals. The effect of being able 
to tailor propeller blade deformation b y 
appropriate fibre alignmen t and distribution 
means the effic iency of the propeller can be 
improved, as well as a reduction in weight, 
corrosion and cost of manufacture. 
Experience in the manufacture of composite 
propellers to date has sho wn resin transfer 
moulding (RTM) to be a suitable process. The 
ability to inject t he resin into a closed mould 
where the reinforci n g fibres are already in 
place means the techn ique is clean, quick and 
repeatable . When the mould is opened the 
propeller requires only minimal finishing. 
Tank tests and vessel trials have been 
undertaken to evaluate the performance 
cha ra cteristics of a range of composite 
propellers. Results are presented in this paper. 
NOMENCLATURE 
Va Speed of advance 
01o1al Total stress 
UT Stress due to thrust 
UQ Stress due to torque 
0 CBM Stress due to centrifugal bending 
moment 
ocr- Stress due to centrifugal direct 
stress 
01 Stress due to unknown out of plane 
bending moments 
A Stress section area 
Z Section modulus 
A Stress section pitch angle 
a Thrust moment arm 
b Torque moment arm 
n 
ro 
Engine power 
Shaft efficiency 
Propeller efficiency 
Number o f blades 
Propeller RPM 
No. 22 
Nondimensional radius of stress 
section 
Centrifugal bending moment arm 
Centrifugal force 
THE MATERIAL ADVANTAGE. 
It was estimated that during 1985, 10 000 
tonnes of polyester resin was used in the United 
Kingdom (UK) marine sector alone (1). Some 
sources have predicted that globally, the use of 
composites will over take the use of steel by 
the year 2010 (2). For several decades use of 
FRP composites in the marine industry has been 
i ncreasing. The degree of sophistication is 
variable, depending on the application and cost 
constraints, also the number of novel 
applications f or composites is increasing. The 
marine industry presents a varied range of 
applications that lend themselves to a redesign 
in a composi te material, to gain design, 
performance and manufacturing advantages over 
conventional materials . 
Composite materials embrace a wide range of 
materials; for all of them the same definition 
holds true: 
The synergy of two or more materials 
whose combined properties exceed the sum 
of th e individual constituent materials 
properties. 
The intere s t of this paper is with 
continuous fibre polymer composites, where the 
fibres are the main load bearing component . 
Generally, these comprise of high strength, high 
modulus, high aspect ratio fibres, of glass, 
c arbon, or aramid (Kevlar), within a plastic 
matrix, such as polyester, vinylester, epoxy or 
phenolic resin . Many applications of these 
materials are well established, for example, 
high performance racing yachts or minesweepers. 
Some more subtle applications are just emerging . 
The manufacture of boat propellers in composite 
falls into this latter category. 
The important question to ask is, how do 
composites materials enable better solutions to 
engineering problems? Compositesoffer the 
following advantages: 
High specific strengths. 
High specific stiffnesses. 
Low coefficients of thermal expansion. 
Resistance to environmental degradation. 
Possibility of reduced cavitation 
erosion-i 3) . 
Non catastrophic failure in fatigue. 
High production rates . 
Healthy production environment. 
Ease of producing complex shapes. 
Ease of repair & maintenance. 
Specific material design to the 
application. 
The ability to tailor the elastic 
properties. 
A polymer composi te material uses about 
half the energy to manufacture compared 
to steel or aluminium (4). 
Experience has shown that large structur es 
can be successfully constructed from continuous 
fibre composites. The exploitation of these 
materials f or applications such as wind t urbine 
blades , bridges a nd varying sizes o f boat hulls 
have demonstrated this. There should be no 
restriction on the size possible for a 
propeller. 
The longevity of the composite propellers 
is still to be assessed, however much evidence 
exists that points favourably to certain 
advantages with composite s . Electrolytic 
corrosion is ofte n a problem with metal 
propellers, particularly in a sea water 
environment where many different metals have to 
co-exist in the stern area of a ship or boat. An 
all composite propeller does n 't ha ve this 
complication. 
The life of many propellers is determined 
by the damaging effect of cavitation upon its 
surface. Experimental work has shown composites 
to perform well in cavitating environments and 
can erode significantly less than metals (3). 
A frequent prejudice with composites is 
their apparent inability to withstand impacts. 
There is little evidence to support this view. 
Correctly manufactured composites with low void 
content and high fibre content have, f or many 
applications such as ballistic panelling and 
aircraft propeller blades, been shown to be very 
tough (5). In fact composites offer a more 
favourable failure mechanism than metals. An 
i mpact to a composite will n ot result in a 
permanent plastic deformation or a propagating 
crack, instead a loss of stiffness results and 
the geometry can remain virtually un~hanged. 
This is more favourable tha n the plastic 
deformation associated with metals. Where the 
possibility f or mi n or chips exists, metal 
propellers are susceptible anyway, particularly 
high performance propellers that have delicate 
edges. Should damage occ ur to a composite 
propeller, be it minor scratc hes and chips or 
serious de-lamination, then repair is straight 
forward by bonding in place new fibres and using 
epoxy based fillers to restore the hydrodynamic 
shape. 
A further prejudice with composites is 
water absorption. Composites do absorb water, 
however by the correct choice of materials and 
sufficient manufacturing quality this problem 
can be minimised (6) . 
THE MANUFACTURING ADVANTAGE 
As well as the benefits of material 
properties, the manufacturing advantages are 
significant to. When the geometry of a component 
increases in complexity, so it becomes more cost 
effective to use particular materials. Generally 
an increase in component complexity, favours the 
use of composites over metals in terms of 
ma nufacturing cost (2). Propellers have 
inherently complex geometry , so this on its own 
gives good reason to explore composites for the 
manufacturing process. 
Generally metal propellers are cast in sand, 
then machined and finished by hand , resulting in 
a lengthy and labour intensive manufacturing 
process. For high performance propellers, where 
a extremely high degree of geometric accuracy is 
required, then NC machinin g is employed . The 
alternative composite process uses a two part 
female tool, Fig. l . 
Fig.l A Mould For the Production 
of Propellers by RTM 
The composite mouldings that are produced 
are geometrically accurate, repeatable and 
require virtually no subsequent finishing other 
than trimming a thin flash from the mould split 
line. Whilst this does require the manufacture 
of a tool at a greater expense than a sand mould 
for casting a metal propeller, a number of GRP 
moulds have been made fo r this project 
relatively inexpensively. Although at this stage 
one off composite propellers have marginal 
economic feasibility, as the numbers increase in 
the order of five or six, manufacture rapidly 
becomes cost effective (7). 
Development work to integrate the design 
and manufacture of tooling to a seamless CAD/CAM 
proc ess should allow in the near future tooling 
to be produced at a very much reduced cost. The 
NC mac hining required for propellers where the 
tolerances are strict should be better applied 
to the production of the mould for one blade. 
From this the appropriate number of c omposite 
blades would be produced which are then joined 
at the hub. 
In order to define and mould acc urately the 
surface of the propeller, a closed mould is 
required. This limits the process to either 
compression or RTM. 
RTM has been used to date for the following 
reasons: 
Low void content. 
Good control of properties. 
Repeatable results. 
Fle~bility of mould design. 
Reduction in labour & material waste. 
Clean process, handling of dry fibres. 
Good for volume production. 
Good for large components. 
Quick process. 
Tooling cost need not be high . 
Fig. 2 The RTM Process. 
RTM, Fig. 2, has been used to great effect 
in the production of aircraft propeller blades 
(8) and many components where high structural 
performance is required. RTM has been 
demonstrated successfully in the production of a 
range of small boat propellers during research 
at The University of Plymouth. 
11ANUFACTURE OF A PROTOTYPE COMPOSITE PROPELLER. 
In order to achieve high quality mouldings 
with RTM, it is essential that the processing 
parameters are correct. This becomes more 
critical as the fibre volume fractio n of the 
component increases. Righ volumes of fibre 
reinforcement have low permeabilities and reduce 
the ability of the resin to permeate through the 
fibre pack . Crucial parameters include the 
following: 
Low resin viscosity. 
Fibre weave style that is conducive to 
resin flow. 
Accurate tooling. 
Careful loading of fibres. 
Resin viscosity is a dominant parameter. 
This should be low enough to allow quick filling 
of the mould and thus give greater change of 
filli ng completely within a given time. Two 
poise has been shown to be an appropriate 
viscosity for high volume fraction laminates, 
this can be ac h ieved with most epoxies by 
heatin g to between 40°C and so•c. Using 
viscosities of t hi s order enables mould fill to 
be signif icantly quicker than would be achieved 
using the same resin at room temperatu re. 
Of additional crucial importance, is the 
fibre architecture. The reliability and 
uniformity of the mould fill as well as the 
speed the mould fills depend heavily on to what 
extent the fibre weave style allows three 
dimensional flow, Fig. J. This can be achieved 
in practice by having spacing between the fibre 
tows. 
spacing. 
Fig. J Three Dimensional Resin Flow. 
A comparison between two different fibre 
weave architectures used in a small experimenta l 
mould is shown in Fig. 4. The curves illustrate 
the fill times . It can be seen that the curve 
marked (0) shows a significantly longer fill 
time, also, although not shown here, a much more 
erratic resin flow front is exhibited by this 
weave architecture. This material is 
characterised by poor through thickness 
permeability. 
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Fig. 4 Fill Times For Two Different Fibre 
Architectures 
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Accurate tooling that seals to a vacuum and 
maintains consistent dimensions of the mould 
cavity is required. The fibre plies and ply drop 
offs are defined by the mould dimensions. If 
either the mould does not close to the same 
position each time it is used, or the plies are 
out of position, large c hanges in the fibre 
volume fractions can occur . A small error in 
loading fibres into the mould can lead to a 
large change in local fibre volume fraction. A 
sizable increase in local volume fraction may 
mean dry patches are left . Areas of inconsistent 
low volume fraction should be avoided as this 
creates an easy path taking resin past and away 
from areas of fibre not already permeated by 
resin. A fibre weave style can greatly assist 
the process, fabrics that main t ain small 
channels un d er the pressure of the mo ul d 
c losure, between the fibre tows also increases 
the reliability of the manufacture . 
Loading the fibres into the mould for the 
propellers manufactured at t he University, i s 
assisted by pre-forming wi th a thermo plastic 
binder allowing accurate placement. For 
development purpo ses glass fibres have been 
considere~· the most appropriate, being low cost. 
These are aligned to absorb the maj o r loads the 
propeller is subjected to . Theref o re t he 
predominant alignment is f rom the root to t he 
tip, al though several tows are placed around the 
blade edges t o absorb local i mpacts . Typic ally 
the volume fraction is about 50%. So far, a 
manganese bronze tapered bush ha s been moulded 
in situ within each propelle r. This is to enable 
a reliable retrofit of the composite propeller 
to an existing shaft arrangement, Fig. 5 . 
Fig . 5 Bronze Bush Insert 
BLADE LOADillG 
The initial composi te structures for these 
propellers have been designed to theoretical 
loads given by t reati ng the propeller blade as a 
cantilever. Early work o n t his meth o d was 
carri ed out by Taylo r at the beginning of the 
century (9) . For most propeller sha pes, those 
whose blade width is not greater than the blade 
length (10) and whose geometry is not highly 
skewed, initial stress analysis by this method 
has been shown to give good results. To 
determine the precise stress levels in the blade 
structure brought about by t h e geome tr y, 
material distribution a n d externally applied 
lo a ds , how e ver, it is necessary to produce a 
finite e lement model. 
For the maximum loading condition , at full 
speed or bollard pull at greatest RPM, thrust, 
torque a nd centri fuga l l o ads are calculated. 
Since t hrust a c ts perpendicula r to the propeller 
disc and torque acts in plane with the propeller 
disc, the forces must be resolved for ~he angle 
of minimum inertia of th e blade. The major 
loads: 
Bending moment due to thrust. 
Bending moment due to torque. 
Direct l oad from centrifugal forces. 
Bending moment from centrifugal forces 
on raked blades. 
These apply to propellers tha t are not 
h ighly s k e wed, when this is the case, a 1 0\ 
c orrelation has been shown with measured results 
( 11 ). The equa tio ns to perform these 
calculations have been written into a computer 
program. It is not the purpose of this paper to 
expound this subject further , h owever the 
fundamental equations are shown in equations 
(1- 5) (11). These do not give a complete stress 
picture, but they do give initial figures for 
design. 
Stress due 
to t hrust 
Ps. TJm. T]p. (a-ro) r. cos 8 
Ya. 8 1_ Z 
Stress due 
to torque 
P5 . TJm. (b-ro) si n 8 
2n. n. b. BL Z 
Stress due to 
Cent r ifugal 
l o ad (direct) 
Stress due to 
Centrifugal 
Bending Moment 
Stress Total OT+ OQ+ 
0CMB + 0CF 
+ O.t 
THE HYDRODYNAMIC ADVANTAGE. 
Equation(1 ) 
Equation (2) 
Equation(J) 
Equation ( 4 ) 
Equation(S ) 
A new set of vari a b les exists with the 
introduction of c ontinuous fibre composites , no t 
available in metals . Composites have directiona l 
pr oper ties (anisot ropy). This allows the 
designer greater freedom to tailor many of the 
proper t ies within the mater i al. No longer is 
geometry, (properti es being equ al), the only 
structural variable. But with specific alignment 
and d istribution of load bearing fibres, within 
a g iven geometric e nvelope , weight , elasticity, 
flexura l stiffness, failure mode and cost can 
all be more tightly controlled. 
By aligning fibres at different angles , it 
can be seen from, Fig. 6 that a twist can be 
introduced i n a simple cantil e v e r beam. This 
principle has been used extensi v ely in the 
aerospace industry to contro l the deformation of 
fixed wing and helicopter blade s (1 2). 
This hydro elastic t ailoring has immediate 
application to marine propellers. The option now 
exists to build a propeller where the pitch can 
v a ry in response to the hydrodynamic load upon 
it. This will create efficiency benefi ts where 
cost and space restrict the propeller to a fixed 
pitch . The effic iency envelope o n the Kt Kq 
c hart should widen as the pitch changes to 
accommodate d ifferent operating condi tions . The 
advantage should also exist to have a greater 
degree of control to the o nset of c a vitat ion 
with propellers that have to operate within thi s 
regime . 
Fibre Orientation 
Fig. 6 Differing Elastic Properties for a 
Cantilever Beam. 
TANK TESTING 
Although work to design a working 
hydroelastic propeller is still in its infancy, 
a number of designs have been succ essfully tank 
tested to asses the potential o f the concept . 
Five propellers, having different elastic 
properties, were used in an open water towing 
tank test. Each propeller was tested At a range 
of different advance coeffic ients (J) to 
determine the thrust coefficients (Kt) and 
torque coefficients (Kq) and hence the open 
water efficiency . Each propeller was of the 
design shown in table 1. 
Diameter I 12 Inches 
Pitch I 14 Inches 
OAR I 0.5 
No. Blades I 3 
Table 1. 
5 propellers were tested, each with 
different material properties, summarised in 
table 2. 
Propeller Haterial Fibre Fibre Alignment 
Volume 
Fraction 
One Hanganese 
Bronze 
Two E-Glass 48 % Quas i Isotropic 
&Epoxy 
Three E-Glass 35 % Tailored so 
&Epoxy that the pitch 
backs off under 
load 
Four E-Glass & 17 % Quasi Isotropic 
Polyester 
Five E-Glass & 40 % Tailored so 
Epoxy Foam that the pitc h 
core backs off under 
load 
Table 2 
The bronze prope ller is included as a 
"yard stick" by which to measu re the 
composite propellers. 
Propellers 2 & 4 are not tailored to any 
particular bending characteristic, 
however they were not as stiff as the 
bronze propeller . 
Propeller 5 was made with a foam core so 
that it was considerably more elas tic 
than pro peller 3, although both 3 & 5 
were designed so that as load is 
developed on the blade, twist coupled to 
the bending causes the pitch to back 
off . 
The aim of the open water test was to 
determine, in an introductory sense, the effect 
of different blade elasticities on the shape of 
the efficiency envelope. In allowing the pitch 
to reduce as the load comes on the blade, 
greater RPH for a given torque should be 
possib le and therefore greater efficiency, as 
the pitch remains course for lower loads. 
Fig . 7 to Fig. 10 show the results of the 
open water test, each compared to t h e bronze, 
put onto separate charts for clarity . The open 
water efficiencies have been calculated from the 
thrust and torque coefficients in t he usual 
manner. 
With the exception of the foam sandwich 
propeller, the composite propellers are all more 
efficient than the bronze at lower J values and 
less efficient at the optimum J value. The 
reverse is true for the foam sandwich propeller 
which has a smaller width to the efficiency 
curve . 
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Fig . lO Open Water Efficiencies:Bronze & Prop 5 
These results shou ld be take n withi n t h e 
context of their prelimin a r y nature and the 
scatter on t he graphs. However, whilst not 
conclusive in absolute terms, t he indications 
are, firstly that the composite propellers are 
as efficient as their ma nganese bronze 
counterparts. Secondly , that it is possible to 
change the s hape of t h e efficienc y envelope by 
a lter ing t he elasticity of the mater~al the 
propeller is ma nufactured from a nd this could be 
made high or l ow aspect r atio , depending on the 
application of t he vessel. 
SEA TRIALS 
A boat was used to trial a 
3.50 (20" X 12" X 3.50) composite 
11. The vessel was a 7m (23') 
O.Sm X 0.3m X 
propeller Fig. 
GRP work boat 
powered by a 23kw (3l h p) continuous or 28kw 
( 38hp) intermittent diesel engine . The maximum 
engine RPM at top boat speed is 1700 with a 
gearbox reduction of 1.85 to 1 . The main purpose 
of the boat is safety cover for student 
r ecreation. It can carry u p to 12 people plus 
diving equipment. 
The aims of using this boat to trial a 
composite propeller were as fo l lows : 
To c heck the boss attachment. 
To check the structural integrity of the 
propeller. 
To measure the thrust from the bollard 
pull condition for the composite and 
bronze propellers. 
To measure the speed vs RPM of the boat 
using the composite and bronze 
propellers. 
A composite propeller was installed early 
in 1994, Fig . 11 during which time the propeller 
has remained immersed in the water and has been 
used regularly. Experiments have been performed 
to measure the bollard pull and the speed/RPM 
characteristics of both the composite and bronze 
propeller, Fig.12 and Fig. 13 . 
Fig. 11 The Composite Propeller Installed 
on the Vessel 
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Fig. 12 Bollard Pull Test Results. 
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Fig . 13 Speed Test Results 
After these tests were performed the 
propeller was removed for inspection: 
The boss join t showed no signs of 
degradation . 
During the period of immersion no marine 
growth occurred. 
One of the leading blade edges had been 
slightly scuffed, this was probably due 
to an impact with an underwater object. 
The results indicate, taking into 
account the scatter on the graphs, that 
the composite propeller performs the 
same as the bronze in terms of thrust 
and propelling the boat at top speed. 
The longevity with respect to ~ater 
absorption, impact damage and marine 
growth is to be confirmed. 
CONCLUSIONS & FUTURE WORK 
Work reported in this paper is pre-market, 
however, preliminary studies have indicated that 
potentially, significant benefits exist by 
manufacturing marine propellers this way. Future 
work is beginning to focus in on three diverse 
areas. Firstly , the economic production of 
hydroelastic propellers for the domestic market, 
providing low cost alternative propellers that 
will give fuel savings for fishing boats, work 
boats and pleasure craft . Secondly, replacement 
out board propellers are currently being 
manufactured. A third area is investigating the 
design of sophisticated, high performance, high 
cost, multi part propellers. 
The competitive manufacturing process, 
reduction in weight, the ability to tailor the 
elastic behaviour and reduced corrosion should 
give composite propellers a firm sector of the 
market in the near future. 
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Resin transfer moulding of marine products 
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1. Summary. 
Work has been carried out on three projects all utilising the advantages of composite materials and the 
cost effective benefits of resin transfer moulding (RTM). A range of composite propellers as an alternative 
to manganese bronze and nickel aluminium bronze (NAB) propellers, have been manufactured and tested. 
Secondly outboard motor propellers can suffer abuse because they are often required to operate in shallow 
waters. Replacing or refurbishing a metal outboard propeller is expensive. The composite alternative offers 
an extremely cost effective replacement that gives similar performance. Thirdly, NAB propeller support 
brackets are heavy and costly components to produce, this paper explains how a demonstrator of part of a 
propeller support bracket has been made which shows significant weight savings as well as considerable 
potential cost savings. 
2. Introduction. 
For some years now the members of the Advanced Composites Manufacturing Centre (ACMC) at the 
University of Plymouth have considered that hydrodynamic surfaces are ideally suited for manufacture in 
composite materials. Faithful shape reproduction, surface finish, weight reduction and other considerations 
are put forward later in this paper. 
It is considered by ACMC that advantages could be gained by in producing marine propellers, pumps of 
all types, stabilising vanes, hydrofoils and rudders in composite materials. The work plan has been to carry 
out projects that would demonstrate to industry that such concepts are feasible. 
It has always been an ACMC policy to consider "near" industry projects. The first to be considered in 
this paper is a small boat propeller. The second addressed the urgent need for a more cost effective way of 
restoring to use University outboard motor propellers, that had sustained blade damage as a result of 
student enthusiasm, led to the propeller replacement project. The possibilities of producing a propeller 
support brackets in composites presented another challenge and is a step forward towards all composite 
stern gear. This paper presents these tentative steps undertaken by ACMC and the Marine Technology 
Division of the University of Plymouth. 
Experience in the composite industry has shown RTM to be a cost effective route to the manufacture of 
high performance composite components. Work at ACMC has validated RTM as a successful method for 
the production of the range of small boat propellers and the propeller support bracket. The ability to use low 
cost tooling to produce complex geometrical shapes in a safe and healthy environment has been 
demonstrated to good effect. 
Certain benefits inherent with composites have been recognised, these have particular significance to 
propellers and other marine components. 
• Failure mechanisms are not always catastrophic. 
• Good corrosion resistance. 
• Reduced cavitation erosion damage [ref 1]. 
• Reduced weight compared with metal components. 
• Hydroelastic tailoring. 
• Reduced production costs. 
• Ease of repair. 
• Structural integrity is comparable and often better that metal s [ref 2]. 
3. The composite propeller. 
In order to exploit these advantages, several composite propellers have been designed and 
manufactured. The size of propeller on which much of the initial work has been done is 20 inch diameter, 
12 inch pitch, with 3 blades. The design is governed by a number of criteria. 
. -
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3.1 Propeller blade loading. 
The initial composite structures for these propellers have been designed to theoretical loads given by 
treating the propeller blade as a cantilever. Early work on this method was carried out by Taylor at the 
beginning of the century [ref3]. For most propeller shapes, those whose blade width is not greater than the 
blade length [ref 4] and whose geometry is not highly skewed, initial stress analysis by this method has 
been shown to give good results, torque loads for this type of propellers have also been shown to be small 
[ref 5]. 
For the max!mllm loading condition, at full speed or bollard pull at greatest RPM, thrust, torque and 
centrifugal loads can be calculated. Since thrust acts perpendicular to the propeller disc and torque acts in 
plane with the propeller disc, the forces must be resolved for the angle of minimum inertia of the blade. The 
major loads can be summarised. 
• Bending moment due to thrust. 
• Bending moment due to torque. 
• Direct load from centrifugal forces . 
• Bending moment from centrifugal forces on raked blades. 
At present work is being undertaken to validate this model. Instrumentation is being constructed to 
measure load levels in the propeller on the vessel on which the composite propeller is being used. 
3.2 Manufacture. 
The selection of an appropriate manufacturing process is a further criteria. T he requirement is for a 
process where components of complex geometry and of good structural integrity can be produced cost 
effectively. RTM was selected. 
In order to achieve high quality mouldings with RTM, it is essential that the processing parameters are 
correct. This becomes more critical as the fibre volume fraction of the component increases. High volumes 
of fibre reinforcement have low permeabilities and reduce the abi li ty of the resin to permeate through the 
fibre pack. Crucial parameters include the following. 
• Correct resin viscosity. 
• Fibre weave style that is conducive to resin flow. 
• Accurate tooling. 
• Careful loading of fibres. 
Resin viscosity is a dominant parameter. This should be low enough to allow quick filling of the mould 
and thus give greater chance of filling completely within a given time. Two poise has been shown to be an 
appropriate viscosity for high volume fraction laminates, this can be achieved with epoxies by raising the 
temperature. 
Also of crucial importance, is the fibre architecture. The reliability and uniformity of the mould fill , as 
well as the speed the mould fill s, depend heavily on what extent the fibre weave style allows three 
dimensional flow, figure 1. 
r-------------------------------------~ 
Figure 1. Three dimensional resin flow. 
This can be achieved in practice by having small channels between the fibre tows often built into the 
fibre weave. 
A comparison between two different fibre weave architectures at the same volume fraction used in a 
small experimental mould is shown in figure 2. The curves illustrate the fill times. It can be seen that the 
curve marked o, shows· a significantly longer fill time, also, although not shown here, a much more erratic 
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resin now front is exhibited by this weave architecture. This material is characterised by poor through 
thickness permeability. 
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Figure 2. Fill times for two different fibre architectures in 
a small test mould 
Well made, accurate tooling that seals, maintains a vacuum and consistent dimensions of the mould 
cavity is essential. If either the mould does not close to the same position each time it is used, or the plies 
are not accurately positioned in the mould, large changes in the fibre volume fractions can occur. A small 
error in loading fibres into the mould can lead to a large change in local fibre volume fraction. A sizable 
increase in local volume fraction can lead to dry patches. Areas of inconsistent low volume fraction should 
be avoided as this creates an easy path taking resin past and away from areas of fibre not already permeated 
by resin, giving lack of wetting of the fibres, voids and shrinkage defects in the resin rich areas. 
Loading the fibres into the mould for the propellers manufactured at the University, is assisted by 
pre-forming with a thermo plastic binder allowing accurate placement. For development purposes glass 
fibres have been considered the most appropriate reinforcement on the grounds of cost. These are aligned to 
absorb the major loads the propeller is subjected to. Therefore the predominant alignment is from the root to 
the tip, although several tows are placed around the blade edges to absorb local impacts. 
3.3 Retro fitting. 
For initial trials work a retrofit of the composite propeller was required to allow straight forward 
instalment to the test vessel. A manganese bronze tapered bush has been moulded in situ within each 
propeller. This has enabled reliable attachment of the composite propeller to the existi ng shaft arrangement, 
figure 3. Future work is to look at alternative attachment methods. 
4. Evaluation and running experience. 
Having carried out the manufacture, an ongoing programme of testing has been initiated. Bollard pull, 
top speed and open water tank tests have confirmed the hydrodynamic performance of the composite 
propeller to be the same as the equivalent metal one, with potential for ani mprovement. However the test 
that is considered to be of the most critical importance at this stage is the longevity. 
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Figure 3. Bronze bush insert 
Figure 4. 20 inch-diameter composite propeller installed on a 23 foot motor vessel 
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Figure 6. The composite outboard propeller 
Any minor damage to the composite blades can be repaired by the layman with a simple kit of epoxy 
fillers. Major damage which is common with careless and enthusiastic use can be rectified by replacing the 
low cost blades but keeping the metal hub. Typically an 11 inch diameter aluminium propeller costs in the 
region of £100 to buy and £60 for reconditioning. 
Careful control of the fibre loading and resin injection has enabled reliable and repeatable blades sets to 
be produced. Low cost RTM tooling has enabled an economical alternative to aluminium or stainless steel 
more commonly found in the production of outboard propellers. 
Successful tests have been performed with the composite replacement outboard propeller on a 13 foot 
Delquay Dory powered by a 40 horse power engine. Initial subjective opinions on the performance of the 
propeller by personnel who use the boats regularly were very favourable. Figure 6 shows the finished 
article. 
5. Propeller support brackets. 
Support brackets for propeller shaft bearings are currentl y produced from NAB or manganese bronze. 
Brackets made from these materials do achieve their intended design purpose, however, problems have 
been recognised in the areas of weight, cost of production, corrosion protec tion and attachment to the hull. 
In order to investi gate an alternative composite bracket a RTM tool was constructed so that part of an 
"A" bracket for a fas t hi gh performance planning boat could be produced. The part component chosen was 
one leg of the" A" bracket that attaches to the hull . T his was considered to be representative of the difficult 
part to manufacture and the most highly loaded part of the structure. 
4 brackets were produced from the following materials: 
• Continuous random matlepoxy 
• E glass/epoxy 
• E glass & carbon/epoxy 
• E glass & foam/epoxy 
Volume fractions likely to be required for the structural strength were achieved with each layup. Figure 
7 shows the glass/carbon bracket. Having successfully manufactured 4 brackets, observations were made, 
based on the following experimental analysis. 
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5.1 Weight saving. 
Figure 7. The glass propeller support bracket 
demonstrator (without the bearing) 
Significant weight savings were achieved, as can be seen in table 1. 
Steel Bracket l7.8 kg (calculated equivalent weight) 
NAB 19.7 kg (calculated equivalent weight) 
Carbon!E-glass 3.6 kg -
E-glass 3.8 kg -
E-glass/foam core 2.6 kg -
Table 1. Bracket weights. 
5.2 Structural deformation. 
The demonstrators, when subjected to a static cantilever test did not fail in a catastrophic way. As the 
load increased, so did the defonnation. However at significant defonnations large loads were still carried by 
the bracket structure. This indicates that the composite bracket is unlikely to fail in a catastrophic way as is 
often experienced with a metal bracket, by cracking at the junction of the pad with the foil with a loss of 
load carrying ability and probably propulsion. A non catastrophic failure of the composite bracket, with the 
only degradation of the structure being a reduction in stiffness, should secure the operational capability of 
the bracket in a "get you home" situation. 
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5.3 Stiffness and resonant frequency. 
The ability to vary the resonant frequency of the brackets with identical geometry, by altering the 
material stiffness is possible. In the case of this application, it should be possible to reduce the effect of 
propeller induced vibration to both the bracket and the hull. Figure 8 shows the different resonant 
frequencies, of identical size and shaped brackets with different internal fibre construction. 
Peak resonant frequencies for different layups 
Carbon & E-glass 
E-glass 
Foam Core & E-glass 
0 100 200 I•Hz 
Figure 8. Resonant frequencies. 
5.4 Specific Strength. 
Table 2 gives the specific strengths for the composite brackets, found from a bending test together with 
the theoretical (and over estimated) specific strengths for the metal brackets. 
Material Failure load Density Specific 
[N] [gcc-1] Strength 
Foam Core 
+E-glass 2100 1.16 1810 
E-Glass 6000 1.7 3529 
Carbon/ 
E-glass 7000 1.61 4350 
NAB 16020 8.7 1841 
Steel (AH36) 23210 7 .85 2956 
Table 2. Specific strengths. 
6. Conclusions. 
This paper has presented two propeller designs and part of a propeller support bracket made from high 
volume fraction continuous fibre composite by RTM. Experience atACMC has shown that these 
components go a long way towards addressing many of the problems associated with high tolerance 
metallic items manufactured for the marine environment. The full potential of using composite materials will 
be realised when the whole of the stem gear is designed and built. 
The indications from these projects are that composites are capable of being manufactured by cost 
effective processes, giving low weight and comparable performance to their conventional metal counter 
parts that is worthy of further development and investigation. 
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ABSTRACT 
The benefits of continuous fibre polymer composites are significant for the application of a 
marine propeller. Some of these advantages are discussed in the first part of tills paper. Resin 
transfer moulding (R TM) has been used exclusively in the production of the prototype 
propellers. It is a cost effective process that enables illgh quality repeatable laminates. 
However, in order to be successful with R TM many of the processing parameters need to be 
carefully controlled. To tills end experimentation is reported that has enabled the most 
sigruficant parameters to be defined. 
The evaluation of a number of prototype composite propellers by sea trials has been a major 
focus of tills project. Testing over a period of 9 months has yielded important runrung 
experience that is reported at the end of tills paper. 
1. INTRODUCTION 
The important question to ask is, how do composites materials enable better solutions to 
engineering problems? Composites offer the following advantages: 
• illgh specific strengths; 
• illgh specific stiffuess; 
• low coefficients of thermal expansion; 
• resistance to environmental degradation; 
• possibility of reduced cavitation erosion [ 1 ]; 
• non catastropruc failure in fatigue; 
• rugh production rates; 
• healthy production environment; 
• ease of producing complex shapes; 
• ease of repall- and maintenance; 
• specific material design for the application; 
• the ability to tailor the elastic properties; 
• a polymer composite material uses about half the energy to manufacture compared to steel 
or alurruruum [2]. 
Experience has shown that large structures can be successfully constructed from continuous 
fibre composites. The exploitation of these materials for applications such as wind turbine 
blades, bridges and varying sizes of boat hulls have demonstrated this. There should be no 
restriction on the size possible for a propeller. 
The· longevity of composite propellers is still to be assessed; however, much evidence exists 
that points favourably to certain advantages with composites. Electrolytic corrosion is often a 
problem with metal propellers, particularly in a sea water environment where many different 
metals have to co-exist in the stem area of a ship or boat. An all composite propeller does not 
have this complication. 
The life of many propellers is determined by the damaging effect of cavitation upon its surface. 
Experimental work has shown composites to perform well in cavitating environments and can 
erode significantly less than metals [ 1]. 
A frequent prejudice with composites is their apparent inability to withstand impacts. There is 
little evidence to support this view. Correctly manufactured composites with low void content 
and high fibre content have, for many applications such as ballistic panels and aircraft propeller 
blades, been shown to be very tough (3]. In fact composites offer a more favourable failure 
mechanism than metals. An impact to a composite will not result in a permanent plastic 
deformation or a propagating crack, instead a loss of stiffness results and the geometry can 
remain virtually unchanged. This is more favourable than the plastic deformation associated 
with metals. Where the possibility for minor chips exists, metal propellers are susceptible also, 
particularly high performance propellers that have delicate edges. Should damage occur to a 
composite propeller, be it minor scratches and chips or serious de-lamination., then repair is 
straight forward by bonding in place new fibres and using epoxy based fillers to restore the 
hydrodynamic shape. 
A further prejudice with composites is water absorption. Composites do absorb water, 
however by the correct choice of materials and sufficient manufacturing quality this problem 
can be minimised [ 4] . 
2. MANUFACTURE 
As well as the benefits of material properties, the manufacturing advantages are also significant. 
When the geometry of a component increases in complexity, so it becomes more cost effective 
to use particular materials. Generally an increase in component complexity favours the use of 
composites over metals in terms of manufacturing cost (5]. Propellers have inherently complex 
geometry, so this on its own gives good reason to explore composites for the manufacturing 
process. 
Generally metal propellers are cast in sand, then machined and finished by hand, resulting in a 
lengthy and labour intensive manufacturing proc·ess. For high performance propellers, where a 
extremely high degree of geometric accuracy is required, then NC machining is employed. The 
alternative composite process uses a two part female tool (Figure 1 ). 
Figure 1. A Mould For the Production of Propellers by RIM 
The composite mouldings that are produced are geometrically accurate, repeatable and require 
virtually no subsequent finishing other than trimming a thin flash from the mould split line. 
Whilst this does require the manufacture of a tool at a greater expense than a sand mould for 
casting a metal propeller, a number of GRP moulds have been made for this project relatively 
inexpensively. Although at this stage one off composite propellers have marginal economic 
feasibility, as the numbers increase in the order of five or six, manufacture rapidly becomes cost 
effective [6]. 
Development work to integrate the design and manufacture of tooling to a seamless 
CAD/CAM process should allow in the near future tooling to be produced at a very much 
reduced cost. The NC machining required for propellers, where the tolerances are strict, should 
be better applied to the production of the mould for one blade. From this the appropriate 
number of composite blades would be produced which are then joined at the hub. 
In order to define and mould accurately the surface of the propeller, a closed mould is required. 
This limits the process to either compression or RTM. RTM has been used to date for the 
following reasons: 
• low void content; 
• good control of properties; 
• repeatable results; 
• flexibility of mould design; 
• reduction in labour and material waste; 
• clean process, handling of dry fibres; 
• good for volume production; 
• good for large components; 
• quick process; 
• tooling cost need not be high. 
3. EXPERIMENTATION 
3.1 Processing Parameters and Fibre Lay-up. 
In order to achieve high quality mouldings with RTM, it is essential that the processing 
parameters are correct. This becomes more critical as the fibre volume fraction of the 
component increases. High volumes of fibre reinforcement have low permeabilities and reduce 
the ability of the resin to permeate through the fibre pack. Crucial parameters include the 
following: 
• correct resin viscosity; 
• fibre weave style that is conducive to resin flow; 
• accurate tooling; 
• careful loading of fibres. 
Well made, accurate tooling that seals, maintains a vacuum and consistent dimensions of the 
mould cavity is essential. If either the mould does not close to the same position each time it is 
used, or the plies are not accurately positioned in the mould, large changes in the fibre volume 
fractions can occur. A small error in loading fibres into the mould can lead to a large change in 
local fibre volume fraction. A sizable increase in local volume fraction can lead to dry patches. 
Areas of inconsistent low volume fraction should be avoided as this creates an easy path taking 
resin past and away from areas of fibre not already permeated by resin, giving lack of wetting 
of the fibres, voids and shrinkage defects in the resin rich areas. 
Loading the fibres into the mould for the propellers manufactured at the University is assisted 
by pre-forming with a thermoplastic binder allowing accurate placement. For development 
purposes glass fibres have been considered the most appropriate reinforcement on the grounds 
of cost. Thes~ are aligned to absorb the major loads the propeller is subjected to. Therefore 
the predominant alignment is from the root to the tip, although several tows are placed around 
the blade edges to absorb local impacts. 
3.2 Equipment and Experimental Procedure. 
In order to carry out the experimentation, a R TM mould tool was produced that enabled small 
wedge shaped test specimens to be produced. This shape was chosen as its tapered wedge 
section is in some respects similar to a propeller blade. As a consistent number of plies were 
placed throughout the tool, a wedge specimen of variable fibre volume fraction was produced. 
The mould was substantially built so that any distortion of the mould during resin injection was 
insignificant. A straight edge was placed across the top surface of the tool on a number of 
occasions, there was no detectable distortion. 
The experimental aim was to attempt to measure some of the effects of varying the resin 
viscosity, the fibre architecture and the fibre volume fraction. The later was conveniently varied 
by the wedge shape geometry of the test mould between 0.3 and 0.65 in each experiment. 
The dimensions of the tool were chosen so that for the two different fabric types under 
consideration, of different area! weights the same volume fractions could be achieved. These 
were 200rnrn by 130rnrn. Table 1 gives details ofthe two fabric types used. 
Fabric Fibre Areal Wt. gm ... No. of Plies Volume Fibre Type 
Orientation per Plate Fraction 
Fabric A Quadraxial 2200 4 30-65% E Glass 
Fabric B Biaxial 1458 6 30-65% E I R Glass 
Table I. Fabrics used for the experimentation. 
Epoxy resin was injected into the mould tool at low pressure through an injection port at the 
centre of the tool. One outlet port was placed at either end of the tool. The mould was made 
from Perspex so the resin flow fronts were easily seen and were recorded at given times. 
Figures 2 to 5 show four experimental results with the fibre volume fractions indicated. 
• • • • • 
60% 50% 43% 37% 35% 
Figure 2. Experiment 5, fabric A, I bar injection pressure at I4 oc. 
• • • • • 
60% 50% 43% 37% 35% 
Figure 3. Experiment 7, fabric A, 1 bar injection pressure at 24 °C. 
• • • • • 
60% 50% 43% 37% 35% 
Figure 4. Experiment 9, fabric B, 1 bar injection pressure at 14 oc. 
60% 50% 43% 37% 35% 
Figure 5. Experiment 11, fabric B, 1 bar injection pressure at 24 °C. 
3.3 Analysis of the Results. 
Twelve experiments were carried out. In order to express graphically the information shown by 
the previous four figures, a planimeter was used to measure the areas represented by each flow 
front. It was assumed at this stage that since the plates were thin, (between 4.5 and 8 mm), the 
areas measured were representative of the volumes occupied by the resin. From these areas the 
following three graphs, figures 6 to 8, are shown. 
Percentage of 
mould filled 
Total mould fill time vs 
resin viscosity (experiments 1-4) 
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Figure 6. Total mould fill times vs. resin viscosity( fabric B). 
Percentage of 
mould filled 
Mould fill rate for fabrics A and B 
at 24 degrees C 
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Figure 7. Total mould fill time for fabric A and B. 
3.4 Discussion 
Resin Flow Rate 
(mm/min) 
Resin flow rate vs 
fibre volume fraction 
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Figure 8. Resin flow velocity for fabric A and B 
Figure 5 shows how fill time varies with resin temperature. Since the relationship between 
temperature and viscosity is not linear it can be seen that the most significant increases in 
injection time occur at lower temperatures. This has implications for production purposes, as 
the required moulding temperature increases, so the cost of tooling and processing also 
increases. However, this experiment shows how, for example, an increase from 20 to 30 °C 
speeds up injection significantly, however, the jump from 40 to 50 oc has a smaller effect and 
may not be worth the extra cost. It can be seen that an increase in resin temperature from 17 °C 
to 40 °C exhibits a 75% reduction in injection time from 10 minutes to 2.5 minutes. 
Figure 6 demonstrates the very significant difference in resin injection time brought about by 
the different architectures of fabrics A and B. At 24 °C, fabric B is filled in approximately 2 
minutes and fabric A in approximately 12 minutes, giving a 6 fold increase in fill time. Thus it is 
shown how much more conducive to resin flow is the fibre architecture of fabric B, at the same 
volume fraction. 
Fabric B is characterised by good inter-tow spacing in both of the 0/90 degree non crimp fibre 
plies. This inter-tow spacing does reduce as the fabric is compressed in the mould, although the 
spaces do remain. Generally the inter tow spacing is approximately 1 0% of the tow diameter 
(uncompressed). Fabric A on the other hand is made up of 4 layers of non crimp fibres plies, 
only one ofthese layers has good inter-tow spacing and slow capillary flow dominates, which is 
only adequate to fill individual tows once the resin has arrived at that point. A by product of 
the arrangement of fibres in fabric B is that consistent 3 dimensional resin flow is possible, this 
is also a contributory factor in enabling quick unifonn flow of resin into the mould. 
Although difficult to quantify, the erratic nature of the flow front exhibited by fabric A can be 
seen in figures 2 to 5. (This was mainly brought about because of the poor 3D flow properties 
of this materiaL) With fabric B, as soon as the injection was started, resin flowed quickly 
through the thickness of the fibre pack. However this was not the case with- fabric A. 
4. EVALUATION AND RUNNING EXPERIENCE 
Having carried out the manufacture, an ongoing programme of testing has been initiated. 
Bollard pull, top speed and open water tank tests have confirmed the hydrodynamic 
performance of the composite propeller to be the same as the equivalent metal one, with 
potential for an improvement. However, the test that is considered to be of the most critical 
importance at this stage is the longevity. 
The following list summarises the practical experience to date: 
• installed on the vessel for 6 months; 
• during this time the propeller has remained immersed in sea water and has only come out of 
the water for inspection and routine boat maintenance; 
• total running time accumulated is 1 SO hours; 
• a rope and a thick electrical cable have become entangled around the propeller causing no 
significant damage; 
o fouling on the blade is no more than would be expected for a comparable composite boat 
hull, this is to be addressed shortly with an anti-fouling additive to the propeller surface; 
o a 75% weight saving has been shown over the metal propeller. 
6. CONCLUSIONS AND FUTURE WORK 
Work reported in this paper is pre-market, however, preliminary studies have indicated that 
potentially, significant benefits exist by manufacturing marine propellers this way. Future work 
is beginning to focus in on three diverse areas. 
• The economic production of hydroelastic propellers for the domestic market, providing low 
cost alternative propellers that will give fuel savings for fishing boats, work boats and 
pleasure craft. 
• Replacement outboard propellers are currently being manufactured. 
• Investigating the design of sophisticated, high performance, high cost, multi part propellers. 
The competitive manufacturing process, reduction in weight, the ability to tailor the elastic 
behaviour and reduced corrosion should give composite propellers a firm sector of the market 
in the near future. 
. ·. 
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